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ABSTRACT
The main petrological factors that control occurrences and properties 
of oil shales are depositional environments, organic sources, 
diagenesis and maturation. The present studies on organic petrography, 
organic geochemistry and their interrelationships provide insights into 
these controls and lead to improved methods of characterisation and 
classification of oil shales and other organic matter-rich rocks.
The classification developed relates the petrological factors to 
deposit sizes, deposit grades, retort yields and oil quality. This 
information is critical for planning and developing research 
activities, exploration programs and exploitation projects for oil 
shales; it is also important for systematic work on source rocks for 
petroleum. Although the classification developed employs the 
pre-existing concepts of using maceral composition as a basis for 
terminology, the divisions proposed involve a systematic approach 
similar to that developed for coal microlithotype categories. A set of 
ternary diagrams provide unequivocal assignment of oil shale types 
according to their maceral compositions. In addition to the use of 
maceral composition as a basis for the classification, validity of the 
categories is confirmed by chemical analyses.
Maceral compositions determined from reflected light microscopy of 
whole-rock samples enables division of oil shales into basic 
categories. Three main types of oil shale are deposited in nonmarine 
settings. Cannels contain dominant liptinite derived from 
higher-plants, torbanites have dominant Botrvococcus-related alginite 
and lacosites contain dominant lamellar alginite (lamalginite). Four 
major types of oil shale are deposited in marine environments. The 
main maceral of bitosites is bituminite, of marosites is 
dinoflagellate- and acritarch-derived lamalginite, of tasmanites is 
tasmanitid-derived alginite and the main maceral of kukersites is 
Gloeocaosomorpha-related alginite. Bituminite has probable algal 
precursors and has characteristics intermediate to those of vitrinite 
and liptinite macerals such as sporinite.
Tertiary oil shales from the Rundle deposit in Australia, the Green 
River Formation in USA and the Mae Sot Basin in Thailand are 'type' 
examples of lacosites. The present study indicates that these oil 
shales were deposited in lakes that had highly variable water levels 
and highly variable physico-chemical regimes.
The oil shale deposit of the Cretaceous Toolebuc Formation of 
northeastern Australia is a 'type' example of a bitosite occurrence. 
These oil shales contain micrinite and alginite along with the dominant 
bituminite. The micrinite is an alteration product of the bituminite 
and probably formed mostly during maturation. Organic and inorganic 
petrological data indicate that the bitosites were deposited in 
hemipelagic facies of a shallow, 'open' epicontinental sea.
According to the present work, stratified water columns with anoxic 
bottom waters are not necessarily prerequisites for the deposition of 
organic matter-rich rocks. High organic productivities, high 
sedimentation rates, resistance of the precursor organic matter to 
decay as well as environmental stress are controlling factors for oil 
shale deposition.
The amount of maturation for most oil shale deposits is low. Vitrinite 
reflectance data however provide an underestimate of their true rank 
and some deposits have generated considerable amounts of hydrocarbons. 
Because of the loss of heteroatoms and consequent increase in oil yield 
with small amounts of maturation, 'early oil mature' oil shales are the 
most attractive targets for exploitation.
Statistical analyses of geochemical and petrographic variates show that 
elemental composition of demineralised oil shales, elemental 
composition of retort oils and parameters from pyrolysis studies are 
largely related to maceral composition. The amount and type of organic 
matter determine the yields of shale oil and its characteristics. 
Alginite-rich rocks give high yields of good quality retort oil, 
bituminite-rich rocks give moderate yields of fair quality oil and 
coaly rocks give low yields of poor quality oil. Subdivisions of the 
basic oil shale categories are refined as a result of the correlation 
studies.
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PART I INTRODUCTION, TERMINOLOGY AND LITERATURE SURVEY
CHAPTER 1 INTRODUCTION
1.1 Obi ectives
The main objectives of the present study are to determine the organic 
petrological and geochemical controls that govern grades, sizes, oil 
yields, occurrences and exploitation prospects of various oil shale 
deposits. This is accomplished by forming a data base of macérai 
compositions, maturation levels, elemental compositions and pyrolysis 
parameters for a variety of oil shales, sampled world-wide. 
Multivariate statistical techniques are used to quantify relationships 
between geochemical and petrographic information. From this 
information, a macérai and oil shale terminology is developed. The oil 
shales are classified on the basis of their organic petrology with 
consideration of organic geochemical factors. The data lead to 
interpretations on sources and preservation of organic matter and on 
environments of deposition, diagenesis and maturation. A number of 
'type' deposits are studied in detail; many interpretations on these 
deposits may be extrapolated to other similar deposits.
The data base, methodology and interpretations can be used in the design 
and interpretation of exploration programs and in improving techniques 
for evaluation of oil shale deposits. Through employment of similar 
methodologies at more detailed sampling levels, more insights can be 
gained into organic facies concepts. Application of the concepts to oil 
shale processing technology can lead to information relevant to 
beneficiation techniques, retorting behavior, and quality control of oil 
composition.
The present study also has relevance to petroleum exploration and in 
particular, to the interpretation of geochemical analyses of petroleum 
source rocks.
3 0009 02984 0076
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1.2 General —  History of Exploitation, Current: Exploitation and 
Estimates of Potential Resources
Alternative forms of energy have been explored for, and to a lesser 
extent exploited because of developments of temporary shortages in the 
supplies of conventional crude oil. Oil shale is an attractive 
alternative resource because it can be refined into products similar to 
those of liquid petroleum and it has a large potential resource base.
The term 'oil shale' is a misnomer because the rocks do not typically 
contain oil nor are they necessarily shales. Oil shale as defined in 
the present study is any rock that contains an abundance of liptinitic 
organic matter (not including bitumen). Therefore oil shales may be 
generally regarded as immature to early mature, excellent potential 
source rocks for petroleum. They must be heated to about 500° Celsius 
(i.e. retorted) to convert the organic matter present into shale oil.
Oil shales have been exploited in the past on a small scale in many 
countries, mostly before conventional crude oil was readily available or 
during war-time petroleum shortages. The earliest recorded shale oil 
production was in the 1300s in Austria where it was used for medicinal 
purposes (Donnell, 1980). Shale oil continues to be used as an ointment 
in Austria and Switzerland.
In the 1800s a considerable shale oil industry was established in 
Scotland. Since then, countries that have exploited oil shales include 
Austria, Australia, Brazil, Canada, China, Germany, France, Hungary, New 
Zealand, Romania, Scotland, South Africa, Spain, Sweden, Switzerland, 
USA and USSR. Of these, only USSR and China currently have considerable 
shale oil industries. Brazil and USA have small-scale, commercial shale 
oil plants.
Oil shale was mined and retorted on a pilot scale in Morocco, Germany 
and Australia in the 1980s. Other countries that have oil shale 
resources large enough for potential industrialisation include Burma, 
Thailand, Italy, Zaire, Egypt, Jordan, Bulgaria, Hungary, Yugoslavia, 
Turkey, Great Britain, Israel and Spain. Deposits are also documented 
from Algeria, Argentina, Chile, Czechoslovakia, India, Indonesia, Iraq,
3
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Japan, Luxembourg, the Netherlands, Pakistan, Paraguay, Poland, 
Portugal, Romania, Tunisia, Saudia Arabia, Syria and Uruguay.
Economic viability of exploitation of any of these deposits depends upon 
many factors including retorting technology, cost of environmental 
protection measures, deposit size, deposit grade, accessibility for 
mining, and the current balance of supply and demand for fossil fuels. 
With conventional crude oil shortages in the early 1980s, interest was 
renewed in oil shales and some deposits were assessed in detail. 
Research and development projects and delineation of resources have 
continued for many of these deposits.
Resource calculations for oil shales differ widely from those for 
conventional crude oil because of the uncertainty of economic viability 
due to advances in mining and retorting technologies. Enhanced 
recovery efficiencies are attained with advances in retorting technology 
and therefore previously unrecoverable resources may become recoverable. 
A unique terminology should therefore be employed for resource 
evaluations of oil shale deposits.
Most oil shale deposits are best classified as resources rather than 
reserves because economic extraction is not presently possible. Oil 
shale reserves occur in China and USSR and to a lesser extent in USA and 
Brazil where they are currently being mined. Some deposits are more 
likely to support a viable shale oil industry than others because of 
their size, grade, accessibility, associated by-product industries or a 
combination of these factors. These occurrences are presently at the 
stage of pilot-plant operations.
Yield cut-off values used for estimation of oil shale resources present 
further complications. Many authors do not specify the cut-off grade 
employed in their calculations but generally 40 litres per tonne is a 
lower limit for possible economic extraction. During exploitation, this 
value may vary because of associated industries. Uranium, molybdenum, 
vanadium or other elements or compounds are associated with some oil 
shales and may support subsidiary industries. The spent shale from some 
deposits can be used in refractory industries.
4
Because of the complex nature of economic feasibility of oil shales, 
division of accessible resources should be calculated according to
probability of existence rather than probability of exploitation; 
conventional crude resources are generally determined on the basis of 
probability of exploitation. Where possible, the shale oil resources 
calculated in the present study are therefore divided into: proved
(deposit grade and size determined by detailed drilling and sampling), 
probable (deposit grade and size determined by limited drilling and
sampling and geological inference), possible (grade and size determined 
by geological inference and little sampling) and total (proven plus 
probable plus possible). Some authors have evaluated resources as
supposedly, 'economically recoverable' at the time of writing. Because 
of the decline in interest in oil shales during the mid-1980s, few 
resource calculations for shale oil have been done since then.
The sum of world resources of shale oil has been estimated at
9 9 330000 x 10 barrels (4770 x 10 m ; total) by Yen and Chilingarian
9 9 3(1976), 3340 x 10 barrels (531 x 10 m ; in deposits that yield at
least 40 litres per tonne; Pmostly proven and probable) by USA Bureau
9 9 3of Mines (1970), 2808 x 10 barrels (446 x 10 m ; total "recoverable")
9 9 3by Cook (1976), 2800 x 10 barrels (444 x 10 m ; ?total "recoverable"
by Williams (1983a), 1508 x 109 barrels (240 x . .9 3 10 m ; "reported
recoverable"; ?mostly proven) by Roberts (1978), 3264 x 910 barrels
9 3(519 x 10 m ; ?total recoverable) by Arbiter (1983) , 337 x 910 barrels
9 3 9(54 x 10 m ; recoverable, ?mostly proven) by WEC (1983), 327 x 10
9 3 9barrels (52 x 10 m ; proven Precoverable) by Pexton (1984), 2472 x 10
9 3barrels (396 x 10 m ; total Precoverable) by Pexton (1984), 
9 9 36000-20000 x 10 barrels (960-3200 x 10 m ; ?mostly proven and
9probable) of which about 200 x 10 barrels are "potentially
9recoverable", by Birks (1984) and 17600 x 10 barrels (total in situ),
9of which about 207 x 10 barrels are 'economically recoverable, by 
Osbourne (1988).
Coal represents a much greater energy reserve than liquid hydrocarbons 
(Table 1) but has more problems associated with large-scale development 
and usage. Total "recoverable" shale oil resources of the world would 
yield almost double the energy content of tar sand or crude oil 
resources and constitute about 6% of the world energy resources from 
fossil fuels (Cook, 1976). For Table 1, the conversion factor used to
5
determine specific energy for shale oil is 37 x 10 joules per litre; 
this is an underestimate of the energy potential of shale oil because of 
the large amounts of heavy oils and tars present. With consideration to 
the energy required for retorting however, this conversion factor is 
probably realistic. Shale oil constitutes about 5% of the 
'economically recoverable' world energy resources of fossil fuels 
(Osbourne, 1988); this is similar to the resources from tar sands and 
about a third of the crude oil resources.
Large resources of shale oil are concentrated in a few countries: 
mainly USA and Brazil (Table 2). Largely due to a lack of documentation 
on many deposits, the list of resources presented in Table 2 is not 
complete. With advances in techniques for oil shale exploration, many 
more deposits will probably be discovered. With advances in processing 
technology such as in situ retorting, radio frequency-heating, 
bioleaching, solvent processing and catalytic processing, estimates of 
recoverable resources should become much greater. Numerous oil shale 
occurrences have been and continue to be unnoticed because of the 
difficulty in recognition of oil shales and because of a general lack of 
interest by the oil industry in immature sedimentary sequences.
1.3 Deposits Studied, Scope, and Sampling
1.3a Petrographic Analyses
Oil shales from about 40 deposits have been petrographically examined on 
a reconnaissance level in the present study. More detailed studies have 
been carried out on four of the major suites of oil shales and form the 
basis for many of the petrologically based interpretations.
Seven drill-core samples of thermally altered oil shales from Rundle 
(Queensland, Australia) and several weathered oil shales from a Rundle 
outcrop were petrographically analysed. A suite of spot samples of 
Rundle and other oil shales from eastern Queensland (i.e. Condor, 
Duaringa, Stuart and Byfield deposits) were also studied. Data from 
numerous University of Wollongong internal reports on the organic
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petrology of the Rundle deposit have also been considered. These reports 
were written under the partial supervision of the present author.
Seventeen samples of borehole-cuttings and eight miscellaneous samples 
of organic matter from Green River Formation (USA) were examined. The 
cuttings samples are from Black's Fork number one drillhole in 
Sweetwater County, Wyoming.
A suite of 23 samples of oil shales and related rocks from Mae Sot Basin 
in Thailand were also petrographically analysed. They were mostly 
sampled from a trench and three different pits. Other oil shales 
studied from Thailand include spot samples from outcrops in Mae Moh 
Basin, Ban Pa Ka Li Basin, Mae Teep Basin, Ban Na Hong Basin and Jae Horn 
Basin. Additionally, one sample of rubble from Ban Huay Dua Basin was 
analysed.
Ten samples of drill-core and numerous drill-cuttings samples of the 
Toolebuc Formation (Australia) were examined.
Data from these four suites of samples augmented with extensive 
information from published and unpublished work form the basis for 
detailed interpretations. Because of the general uniformity of organic 
petrology for each deposit, the limited number of analyses are 
representative of much of the variation present. These analyses, 
together with data from the literature are deemed adequate for the 
interpretations made. These four oil shale occurrences may be regarded 
as 'type' examples of the varieties that have the largest resources and 
the highest potentials for exploitation.
Numerous additional deposits, some of which are similar to the 'type' 
deposits, have been studied on a reconnaissance level and are included 
in the appendices.
Ten samples of organic matter-rich rocks from Kansas, USA were 
petrographically analysed: spot samples from outcrops of Sharon Springs 
Shale, Blue Hill Shale, Roca Shale, Hamlin Shale, Heebner Shale,
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Eudora Shale, Stark Shale, and Little Osage Shale and core samples of 
Maquoketa Shale and Chattanooga Shale.
Five spot samples from outcrops of oil shale at Southampton Island 
(Northwest Territories, Canada) were studied. Other oil shales
petrographically analysed include spot samples from the Alpha deposit 
(Queensland), Camooweal deposit (Queensland), Yallourn deposit
(Victoria), Eucla Basin (South Australia), Joadja deposit (New South 
Wales), Bayswater Colliery, Hunter Valley (New South Wales), Middle 
River Seam (New South Wales), Temi deposit (New South Wales), Antrim 
Shale (Michigan, USA), Kentucky (USA), Alaska (USA), Scotland, Paris 
Basin (France) and Kukersite deposit (Estonia).
1.3b Elemental Analyses
Elemental analyses were made on samples from various deposits: Rundle, 
Stuart, Condor, Byfield, Duaringa, Green River Formation, Mae Sot, Ban 
Pa Ka Li, Mae Teep, Jae Horn, Ban Na Hong, Joadja, Temi, Middle River 
Seam, Estonian Kukersite, Eucla Basin, Kentucky tasmanite, Toolebuc 
Formation and Antrim Shale. This data base is augmented with numerous 
other published and unpublished results on a variety of deposits.
1.3c Rock-Eval Analyses
Oil shales from numerous deposits were analysed by Rock-Eval pyrolysis. 
These deposits include Rundle, Joadja, Middle River Seam, Toolebuc 
Formation, Condor, Estonian Kukersite, Eucla Basin, Ban Pa Ka Li, 
Yallourn, Fang (Thailand), Antrim Shale, Green River Formation, Jae Horn, 
Mae Sot and Mae Teep. These data are supported with additional 
published and unpublished data from numerous deposits.
1.4 Methodology
The main methods used in the present study for the examination of oil 
shales are reflected white light microscopy, incident fluorescence-mode 
microscopy, pyrolysis of 'whole-rock' samples and elemental analyses of 
demineralised samples.
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With an aim to resolve botanical structures, transmitted light 
microscopy was done on five demineralised 'strew' mounts. Sample 
preparation for demineralised material is time-consuming and results 
were poor in comparison with those from incident fluorescence-mode 
microscopy on whole-rock samples. Some advantages in examination of 
polished whole-rock samples over examination of demineralised samples 
are that, the whole-rock samples are unaltered and representative, 
macérai— mineral and macérai— macérai relationships may be studied and 
quantitative analyses of macérai and mineral abundances are enabled. In 
palynological analyses, a large part of fine-grained material is 
classified as 'amorphous kerogen' because of its lack of palynomorphic 
structures or it is simply discarded during sieving.
Transmitted light examination of thin sections of oil shales normally 
yields poor resolution of the organic matter as compared with reflected 
light studies on polished blocks.
Some recent advances have been made on the analysis of organic matter by 
using transmitted electron microscopy (e.g. Glikson and Taylor, 1986; 
Taylor and Liu, 1989a; Taylor and Liu, 1989b) but these methods are 
beyond the scope of the present work.
1.4a Sample Preparation
For reflected light and fluorescence-mode microscopy, representative 
portions of whole-rock samples were mounted in cold-setting polyester 
resin (Astic), after a brief macroscopic examination. Samples were 
mainly mounted perpendicular to bedding, thereby enabling examination of 
representative sections. In many instances however, samples were 
mounted parallel to bedding such that better resolution of botanical 
structures was enabled. After setting, the samples were ground on 
mechanical laps and then on silicon carbide or carborundum abrasive 
papers progressively from 120 grit (coarse lap) to 1200 grit (fine 
paper). The samples were polished on mechanical laps with chromium 
sesquioxide (about 0.50 micrometre grain size) and finally magnesium 
oxide (about 0.05 micrometre grain size), both in a water slurry on 
Selvyt-type polishing cloths.
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In the preparation of organic matter for elemental analysis, 
demineralisation by successive acid digestions generally is the most 
satisfactory method for isolation and representative recovery (Forsman 
and Hunt, 1958; Forsman, 1963; King et al.. 1963; Robinson, 1969; 
Saxby, 1970, 1976; Tissot et al. , 1978; Durand and Nicaise, 1980). 
Hydrochloric acid is used for dissolution of carbonates, most sulphides, 
low molecular weight sulphates, hydroxides and low molecular weight 
oxides. Hydrofluoric acid is applied for dissolution of most silicates. 
Because of possible reactions with organic matter, the digestions of the 
present work were done with diluted acids and temperatures below 70° C 
(Figure 1).
In order to dissolve pyrite, strong reducing or strong oxidising agents 
are normally required but some residual pyrite commonly remains because 
of its fine grain size and its close association with organic matter. 
Rather than risking reduction or oxidation of the organic matter, iron 
may be determined by atomic adsorption spectroscopy and the elemental 
results may be corrected for the pyritic sulphur. This method was used 
for the samples analysed for the present study, except for some cases 
treated with sodium borohydride by Australian Mineral Development 
Laboratories (AMDEL). Other agents that may be used for pyrite 
demineralisation included lithium aluminium hydride (Lawlor et al. , 
1963), nitric acid and zinc with hydrochloric acid. Heavy liquid 
floatation is commonly employed to assist in pyrite removal.
The demineralisation procedure used in the present work follows the 
methodology of J. Saxby (pers. comm., 1980) and is 'semiquantitative' 
(Figure 1). Weighing the samples after each acid digestion allows an 
approximation of amounts of HCl-soluble (mostly carbonate) and 
HF-soluble (mostly silicate) minerals. If these values were greater 
than 10% and 5% respectively, the sample was subjected to another 
digestion. Where sample sizes were small and mechanical losses 
occurred, exceptions were made for further digestions. After 
demineralisation, the samples were dried in a vacuum oven at 50° C and 
then stored in a desiccator.
Because whole-rock samples were used for Rock-Eval analyses, their 
preparation simply involves grinding by hand.
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1.4b Analytical Procedures
Leitz equipment was used for most examinations of the polished block
samples. Maceral reflectances were done mostly on vitrinite to yield
mean maximum vitrinite reflectances (R ). These determinations wereV,max
done on a Leitz MPV^ microphotometer fitted to an Ortholux microscope. 
The microphotometer was calibrated against synthetic garnet standards of 
1.726% and 0.917% reflectances and synthetic spinel of 0.413%
reflectance. For the reflectance measurements, the incident light was 
normal to the plane of the sample and an interference filter that has a 
passband peak at 546 nm was present between the measuring stop and 
photomultiplier. Samples were analysed in DIN 58884 oil immersion, 
which has a refractive index of 1.518 at 23+1° c. A maximum of 30 
measurement pairs (i.e. two maxima for each phytoclast) were made on 
each sample.
Fluorescence-mode observations are of particular importance for 
examinations of oil shales. In the present study, ultraviolet/violet 
light excitation was used in conjunction with reflected white light. A 
Leitz Orthoplan microscope which has a 100 watt quartz iodide for 
reflected white light and a 100 watt mercury lamp for fluorescence-mode 
was employed. For the ultraviolet/violet light excitation, the filter 
system comprised a 3mm BG3 excitation filter, a 4mm BG38 excitation 
filter, a TK400 dichroic beam-splitting mirror and a K490 suppression 
filter.
Maceral compositions were determined by visual estimation for all 
samples except the cases noted as being done by point-counting (see 
Bayly, 1960 and van der Plas and Tobi, 1965 for discussions on 
point-counting). Where point-counting was done, between 300 and 500 
points were counted per sample; skip length and traverse spacings were 
altered relative to grain size in order to obtain complete sample 
coverage. For most visual examinations, 32x or 50x oil immersion lenses 
were used but for point-counts, a 125x lens was employed to minimise the 
depth of focus and increase the accuracy of determination of the amount 
of liptinite on the polished surface. Compositions determined from 
point-counting were compared with those from visual estimations for some 
samples. The agreement between the two types of analyses is generally 
within +3% by volume, even where done by two operators. For components 
present in trace amounts (i.e. less than 1% by volume), the visual
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estimation method is superior because of the large number of points 
required for precise determinations.
Photographic plates of oil shale samples were printed from 35mm 
transparency photomicrographs. Most photomicrography was done on the 
Leitz equipment and with oil immersion. The use of a Leitz 
Vario-orthomat camera system enabled a wider range of magnification than 
could be achieved with the objectives alone. Polarised light was not 
used; this results in a loss of contrast for carbonates but has little 
or no effect on the appearance of organic matter. The photomicrographs 
are oriented towards the liptinites and therefore fluorescence-mode 
illumination is necessary. In the early part of the investigation, the 
illuminator with the dichroic mirror also contained a Berek prism. This 
dichroic mirror causes a purple cast in the white light photomicrographs 
taken with this illuminator. In some photomicrographs, fluorescence 
colours and intensities have been altered from overexposure. This is 
caused by undercorrection of exposure time in compensation for small 
fractions of fields occupied by fluorescing liptinite. Additional loss 
in fidelity of colour registration is caused by a breakdown of the 
reciprocity law for fields that have high contrasts.
'In-house' elemental analyses (carbon, hydrogen, oxygen, nitrogen and 
sulphur) of demineralised organic matter samples were done with a Perkin 
Elmer Model 240B (PE 240B) Elemental Analyser. Some samples were 
analysed by AMDEL, for the present study. They used a PE 240B for C, H 
and N determinations and the Zimmerman Method which involves gravimetric 
measurement of carbon dioxide produced from decomposed oxygen, for 0 
determinations. Sulphur was analysed at AMDEL by decomposing the 
organic matter after fusion with potassium metal and sulphide 
determination by titration.
The PE 240B analyser comprises three systems: combustion train, 
analytical system and electronics. Gases pass through the combustion 
train and analytical system under the control of a programmed series of 
valves; helium is used as a carrier gas. A PE Gas Pre-purification 
Accessory was employed for purification of the helium carrier gas as 
well as the oxygen which is used for combustion. A PE Model Ad-2 
Electromagnetic Ultramicrobalance and a PE 561 strip chart recorder were
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used in conjunction with the analyser. The combustion train consists of 
a combustion furnace, reduction furnace, chemically packed reaction 
tubes, high-heating coil and sample insertion components (Figure 2).
In its basic configuration, the PE 240B does simultaneous C, H and N 
determinations. In this mode, the combustion furnace is generally set 
at 900° to 1000°C. The combustion tube is packed with a series of 
chemicals which provide a catalytic action for complete oxidative 
combustion and a scrubbing action for unwanted gases, such as halogens 
and sulphur oxides. The reduction furnace is generally set at 650° to 
750° C and the reduction tube is packed with copper and silver which 
scrub residual oxygen and reduce nitrogen oxides to elemental nitrogen. 
The high-heating coil (Figure 2) vaporises any residual condensates.
The analytical system consists of a 'mixing volume', pressure switch, 
sample volume, detectors and traps. Figure 3 illustrates a simplified 
schematic diagram of the combustion train and analytical system.
For C, H and N analyses, the gases from pyrolysis pass into a spherical 
glass 'mixing volume' after combustion in a pure oxygen atmosphere and 
subsequent reduction. A pressure switch closes valve D (Figure 3) when 
1500 mm mercury pressure is met and the aliquot is allowed to mix. The 
aliquot then passes into the 'sample volume' and finally to the 
detectors (Figure 4). Three pairs of conductivity cells enable 
detection of water, carbon dioxide and nitrogen in sequence. Water and 
carbon dioxide detection each involve a pair of cells, one located 
before a scrubber for the gas detected and one after the scrubber. They 
are connected differentially in a bridge circuit such that a difference 
between the two cells causes an electrical signal proportional to the 
amount of gas removed. After passing through the and COdetectors 
and traps, the gas thermoconductivity is compared with that of pure 
helium, thereby giving a response proportional to the amount of N in the 
sample. Acetanilide was used as a standard to calibrate for C, H and N 
detection.
The electronics system mainly comprises power supplies, thermostats, 
programmer circuits and detection hardware.
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For sulphur analysis, the combustion and reduction tubes are replaced by 
tubes packed with chemicals that remove interfering gases such as water, 
halogens and oxygen. The water trap is replaced by a sulphur dioxide 
absorber tube, and flow rates are modified to optimise sulphur 
detection. The analyser was calibrated against sulphur-benzylthiuronium 
chloride for S detection.
For oxygen analysis, pyrolysis and oxidation tubes are used in place of 
combustion and reduction tubes. After the sample is pyrolysed in a 
helium atmosphere, the resultant 0 is converted into CO, acidic gases 
are removed, CO is converted into CO^ and basic gases are removed by the 
H^O trap. The C detector readout is proportional to the amount of 
oxygen in the sample. Benzoic acid was used as a standard for O 
determinations.
Ash determinations of demineralised organic matter were done 
gravimetrically by using the single furnace method as outlined in SAA 
(1979). The samples were heated in increments, up to 815° C in a muffle 
furnace until no weight was lost.
For determination of iron in the demineralised organic matter, the 
samples were initially ashed at 800° C for about 12 hours. The residue 
was digested in a mixture of hydrochloric acid, nitric acid and water 
for about 30 minutes. Iron content was analysed by using atomic 
absorption equipment calibrated against standards which were also 
digested in HC1, HNO^ and H^O.
Samples analysed by pyrolysis techniques were processed by Analabs in 
Western Australia. A Rock-Eval system, which was mainly developed at 
Institut Français du Pétrole (IFP) France was employed. This technique 
involves pyrolysis of about 5-10 mg of crushed, whole-rock samples in a 
helium atmosphere, followed by selective detection of produced gaseous 
hydrocarbons, tars and c02 • The equipment comprises an oven, 
thermocouple, temperature control, temperature programmer, H20 trap, C02 
analysis module, CO^ trap, thermal conductivity detector, flame 
ionisation detector (FID) and a recorder. The Rock-Eval system heats 
the samples from about 250°-550° C at a programmed rate. The program 
enables some separation of the various pyrolysates. At early stages,
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the FID detects hydrocarbons generated at moderate temperatures (S ); 
these hydrocarbons mostly result from 'free oil'. At later stages, the 
pyrolysates generated at higher temperatures are divided according to 
the program into hydrocarbon and carbon dioxide fractions. The 
hydrocarbons (S^) anc* c °2 originate from preserved organic matter 
(macérais). The hydrocarbons are detected by the FID whereas the CO^ is 
detected by a thermal conductivity detector (catharometer).
All samples analysed by Rock-Eval or elemental methods in the present 
study were also analysed by using reflected white light and incident 
fluorescence-mode microscopy. In using petrographic techniques in 
conjunction with chemical techniques, many problems encountered by other 
workers can be avoided. Employing chemical methods exclusively, may 
produce misleading data because average values are obtained for mixed 
macérai assemblages. Macérai assemblages are detected and a more 
objective understanding of chemical results is accomplished by 
comparison of petrographic with chemical data. If organic matter in a 
rock is exclusively of one type, specific macérai— chemical correlations 
can be made; otherwise correlations apply to the macérai assemblage.
All data processing was done on a Sperry Exec 7700/72E2 mainframe 
computer. 'Raw' elemental data were corrected for residual mineral 
contents and converted into atomic percentages by using a FORTRAN 
program developed in the present study. Ternary diagrams were plotted 
with a program produced by J. Stephens (pers. comm., 1985; see 
Stephens, 1979a; b) which was slightly modified for the current work. 
Univariate and bivariate statistics were calculated with a Minitab 
statistical package whereas multivariate statistics were done with a 
Statistical Package for the Social Sciences (SPSS release 2.0).
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CHAPTER 2 MACERAI* AND GENERAL OIT. SHAT.K TERMINOLOGY
In the present study, oil shale is defined as a rock rich enough in 
liptinitic organic matter (not including bitumen) such that the specific 
energy of the liquid hydrocarbons yielded upon destructive distillation 
exceeds the input of retorting energy. Classification of a rock as an 
oil shale therefore depends on the technique used for oil recovery as 
well as the gross yield. In most cases, a yield greater than about 25 
litres per tonne relates to this energy requirement (Tissot and Welte, 
1978); 40 litres per tonne is an approximate cut-off grade for 
'economic recovery' (USA Bureau of Mines, 1970; Tissot and Welte, 1978; 
Gibson and Rutland, 1981). Liptinitic macerals (liptinite and 
bituminite) are the primary contributors to liquid yields of oil shales 
and in the present study, an oil shale is defined petrographically as 
any rock that contains 10% or more of liptinitic macerals. This 
definition implies considerable liquid yields (in most instances greater 
than 40 litres per tonne) but it does not imply economic recovery.
For many years petrographic subdivision of organic matter in oil shales 
was not possible due to limitations of optical instrumentation. Many 
liptinite macerals have little optical contrast with minerals 
(especially clays), where examined in transmitted or reflected white 
light. In the past 15 years with the availability of better lenses and 
illumination systems, the development of ultraviolet/violet/blue light, 
fluorescence microscopy has facilitated optical resolution of organic 
components in oil shales. With this development, Hutton et al. (1980), 
Cook et al. (1981), and Hutton (1986a; 1987a) have provided genetic 
schemes for classification of oil shales on the basis of the organic 
matter present. These classification schemes form the foundation for 
the system employed in the current study but they have been revised and 
extended with considerations to organic geochemistry (see Chapter 9 and 
Cook and Sherwood, 1991).
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2.1 Maceral and Mineral Terminology
Maceral terminology used in the present study follows that of the 
International Committee for Coal Petrology (ICCP, 1975) but the 
definitions of some terms have been modified and the maceral alginite 
has been subdivided. These subdivisions and many of the modifications 
have been included in the Australian Standard 2856-1986 (SAA, 1986b).
The subdivisions are currently being considered by the ICCP for 
inclusion in the next edition of the Handbook of Coal Petrography. This 
proposal, by Cook and Sherwood (unpublished) is presented in Appendix 21 
and gives full details of the alginite subdivisions. The generalised 
petrological characteristics of the major macerals of oil shales are 
presented in Table 3.
2.1a Lama lginit e
Lamalginite (alginite B of Hutton et al. , 1980 and Cook et al. , 1981)
refers to thinly lamellar or filamentous alginite (Plate la). In
sections parallel to bedding it appears as either anastomosing layers or 
as more discrete entities which commonly exhibit botanical structures. 
Where these structures are present, the precursor algae evident include 
dinoflagellates/acritarchs (Plate lb), Pediastrum and possibly
Nostocopsis♦ In other cases lamalginite probably originates from other 
Chlorophyceae or possibly from more primitive algae such as 
Cyanophyceae.
At low ranks, lamalginite typically has a very low reflectance (<0.01%); 
under the illumination system used in the present study it fluoresces 
medium to bright yellow or orange but brighter varieties and duller 
varieties also exist (Plate la).
Hutton (1985a) defined relationships between oil yields and abundance of 
alginite, which was mostly or exclusively lamalginite from oil shale 
deposits of eastern Queensland. Williams (1983b) correlated abundance 
of 'laminated amorphous kerogen', which probably comprised lamalginite 
and bituminite, with oil yields for Kimmeridgian oil shales of the UK.
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2.1b Telalginite
Telalginite (alginite A of Hutton et al.. 1980 and Cook et al.. 1981) 
refers to preserved algal bodies that are either ellipsoidal or disc 
shaped (Plate lc, d). Botanical structures are evident in sections 
perpendicular and parallel to bedding; specific algal affinities may be 
determined in most cases. Telalginite is mainly derived from 
Botryococcus, Tasmanites, Gloeocapsomorpha or genera related to these 
three algal types.
Immature telalginite typically has a very low reflectance (<0.04%) and 
medium to bright yellow fluorescence.
2.1c Bituminite and Associated Micrinite
Bituminite is a maceral that has properties intermediate between 
vitrinite and liptinite macerals such as sporinite and alginite. In the 
present study, the term bituminite is reserved for a type of organic 
matter deposited in marine environments. Bituminite has been designated 
as a maceral of the liptinite group by most workers (e.g. Teichmuller, 
1974; 1982b; 1986; Teichmuller and Ottenjann, 1977; ICCP, 1975; in
preparation; Stach et al. , 1982; SAA, 1986b) but it clearly has some 
affinities with the vitrinite group of macerals (Plate le) and therefore 
is not designated as a liptinite nor as a vitrinite in the current work.
Bituminite is micrinitised in many instances. In the present study, 
micrinite and bituminite are commonly grouped together because in most 
oil shales studied, gradations between the two make differentiation 
impractical (Plate le) . This grouping does not equate the terms but 
rather exemplifies the difficulty in distinguishing these macerals on a 
morphological basis and within constraints of the resolution of optical 
microscopy (cf. Taylor and Liu, 1989a; 1989b).
Bituminite has a massive to finely granular texture and occurs as 
lenses, beds, laminae and disseminations; in places it forms a matrix 
for other macerals or minerals. At low ranks, it typically has a low 
reflectance (0.10-0.40%) and dull or no fluorescence.
a. Ban Na Hong lacosite, Thailand; sanple 15418 (spot sanple)
Brightly-fluorescing lamalginite (bright, greenish yellow; centre), other lamalginite (medium greenish orange) and liptodetrinite (medi 
greenish orange; very fine-grained).
Field width = 0.18 mm; fluorescence-mode; perpendicular to bedding
b. Toolebuc Formation bitosite, Queensland, Australia; sanple 11473 (drill core sanple)
Lamalginite derived from chorate (left) and proximate (right) dinoflagellate/acritarch cysts, with liptodetrinite (fluorescent flecks). 
Field width = 0.22 mm, fluorescence-mode; parallel to bedding
c. Joadja torbanite, HSU, Australia; sanple 7360 (from mine adit)
High magnification of Botryococcus-related telalginite (Reinschia).
Field width = 0.10 mm; fluorescence-mode; perpendicular to bedding
d. Antrim tasmanite, Nichigan, USA; sa^ile 12306 (spot sample)
Tasmanitid telalginite with minor lamalginite.
Field width = 0.89 mm; fluorescence-mode; perpendicular to bedding
e. Little Osage bitosite, Kansas, USA; sanple 12354 (spot sa^>le)
Bituminite (dark grey) that has variable degrees of micrinitisation (light grey) in a clay/silt-sized mineral matrix (brown). 
Disseminated highly-reflecting minerals (white) also present.
Field width = 0.15 mm; reflected light; perpendicular to bedding
f. Mae Hoh coaly shale, Thailand; sample 12545 (spot sanple)
Resinite.
Field width = 0.34 mm; fluorescence-mode; parallel to bedding
g. Rindle lacosite, Queensland, Australia; sanple 10452 (drill core sample from proximal to a sill)
Yellow-fluorescing bitumen with characteristic cracks, in association with highly-reflecting mineral matter (probably pyrite; blue). 
Field width = 0.89 mm; fluorescence-mode; perpendicular to bedding
h. Euela Basin coaly camel. South Australia; sanple 12549 (drill core sanple)
Layered cut inite.
Field width = 0.28 mm; fluorescence-mode; oblique to bedding
i. Mae Sot lacosite, Thailand; sanple 11270 (from Pit 204; see Chapter 6)
Vitrinite (grey) and inertinite (white).
Field width = 0.70 mm; reflected light; perpendicular to bedding
PLATE 1 Photomicrographs of Same Organic Natter Types Present in Oil Shales
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Bituminite commonly suffers weak to strong, positive fluorescence 
alteration upon prolonged irradiation.
The associated micrinite has a habit similar to that of bituminite and 
is texturally similar to fine-grained bituminite; in its 'pure' form 
however micrinite has a much higher reflectance and no fluorescence.
The origin of bituminite is uncertain but algal precursors are likely. 
Detailed discussions of bituminite and micrinite are presented in 
Chapter 7.
2.Id Resinite and Bitumen
Resinite is a liptinite maceral that occurs as homogeneous, 
structureless pods (Plate If). In oil shales, it has a low reflectance 
(<0.1%) and a medium to bright yellow or orange fluorescence. Resinite 
originates from plant resins, waxes, fats and oils; its formation is 
controlled by the original plant material and biodegradation (i.e. 
diagenesis, as used in the present work).
The term bitumen, as used in the present work, includes migrabitumen of 
Jacob (1989) and ICCP (in preparation) as well as exsudatinite of ICCP 
(1975) and SAA (1986b). Bitumen may have optical properties and 
morphologies similar to those of resinite but bitumen originates from 
thermal alteration of pre-existing macerals. In some cases, bitumen 
represents hydrocarbons that have migrated from other rocks.
Although the modes of formation of bitumen and resinite are different, 
their finely disseminated occurrence in many oil shales does not allow 
differentiation and they are therefore commonly grouped together in the 
present study. This grouping does not imply that the terms are 
identical. The two types of organic matter are distinguished however 
where the affinities are clear, such as resinite that occurs within cell 




Because some identifiable lamalginite and resinite/bitumen pods are as 
small as two micrometres in diameter (Plate If), in the present study 
the term liptodetrinite is restricted to liptinite fragments smaller 
than this size. Liptodetrinite probably originates from algal spores, 
comminuted algal remains (Plate la, b), very small pods of
resinite/bitumen and fragmented remains of other liptinite precursors. 
Some of the comminution may originate from bacterial degradation. 
Fluorescence and reflectance characteristics of liptodetrinite may be 
highly variable because of the various parent materials.
2.If Suberinite
The term suberinite refers to preserved cell wall material that has 
liptinitic characteristics and originates from higher-plants. It 
originates from suberised plant tissue or other material of similar 
composition. Suberin is present in bark and in coverings of stems, 
roots and fruit where it acts as protection against desiccation. It is 
commonly lamellar, but exhibits cellular structure in sections parallel 
to bedding.
Suberinite typically has a reflectance between that of sporinite and 
vitrinite. Fluorescence intensities are normally weaker than those of 
sporinite but some suberinite in Tertiary coals has fluorescence 
intensities stronger than those of sporinite.
2.lg Sporinite
Use of the term sporinite follows that of ICCP (1975) and SAA (1986b); 
it refers to flattened disc-shaped organic matter that originates from 
spore and pollen grains (e.g. Plates 4d, g; 8a, c) . In sections
parallel to bedding, sporinite commonly appears circular and in sections 
perpendicular to bedding, it normally appears elliptical with a medial 
suture. Sporinite in most oil shales is derived from allochthonous 
higher-plant spores and pollens which were transported by water currents 
or wind.
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At low ranks, sporinite typically has a low reflectance and medium to 
bright orange fluorescence.
2.lh Cutinite
Use of the term cutinite also follows that of ICCP (1975) and SAA 
(1986b); it refers to lamellar organic matter that originates from 
cuticles of higher-plants (Plate lh). In sections parallel to bedding, 
the cuticular morphology and underlying epidermal cells are commonly 
evident and in sections perpendicular to bedding it commonly has 
serrated inner edges.
Immature cutinite typically has a low reflectance and medium to bright 
yellow or orange fluorescence.
2.11 Background Fluorescence
In addition to the fluorescence of discrete maceráis, many oil shales 
emanate fluorescence from their mineral matrices upon ultraviolet/violet 
light excitation (e.g. Plate 2a, b, e, f). The intensity and colour of 
this background fluorescence is highly variable between and within oil 
shale deposits.
In many instances, much of this fluorescence is caused by 'show-through' 
of liptinite from below the polished surface. Background fluorescence 
may also be caused by heavy, residual hydrocarbons absorbed on mineral 
grains after expulsion of lighter fractions, by finely comminuted 
biodegraded liptinite, by faunal oils, by finely dispersed bitumen, by 
absorbed bacteria on mineral grains and by mineral fluorescence. Some 
background fluorescence is referable to the 'mineral— bituminous 
groundmass' of some workers (e.g. Teichmiiller and Ottenjann, 1977; 
Teichmiiller, 1986; ICCP, in preparation).
2.1j Vitrlnite and Inertinite
In the present study, the terms vitrinite and inertinite are defined by 
petrographic properties according to their occurrence in oil shales. 
They have higher reflectances than liptinite and bituminite and very
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dull or no fluorescence. Although the terms do not necessarily imply 
higher-plant origins in the current work, most vitrinite and inertinite 
originates from these types of plants.
In oil shales, inertinite mainly comprises inertodetrinite and vitrinite 
mainly comprises vitrodetrinite and low-reflecting vitrinite stringers 
(Plate li). These macerals commonly originate from land-plant material 
which has been washed into the basins where the oil shales were 
deposited. Higher-plant precursors are precluded however in 
pre-Devonian oil shales and therefore more primitive plants are the 
inevitable source. In these instances the maceral is referable to 
'vitrinite-like' matter. Some inertinite in oil shales is derived from 
faunal remains.
2.Ik Mineral Matter
In the present study, mineral matter is normally divided into 
clay/silt-sized minerals and highly reflecting minerals which mostly 
comprises pyrite. If grains are large enough for further identification 
they are commonly designated as a specific mineral such as 'discrete 
carbonate' or quartz. Clay-sized, highly reflecting minerals are 
included in the clay/silt-sized mineral category.
2.2 Oil Shale Terminology
Although the oil shale terminology employed in the current work is based 
on maceral abundance and is largely modelled on the classification of 
Hutton et al. (1980), Cook et al. (1981) and Hutton (1986a; 1987a), 
organic geochemical studies in conjunction with petrographic work 
(Chapter 8) have led to revision and extension of these schemes. Full 
details of the modified system, including extensions to all organic 
matter-rich rocks are presented in Chapter 9.
Three major groups of nonmarine oil shales are distinguished: cannels, 
torbanites and lacosites. Four groups are delineated for marine oil 
shales: kukersites, tasmanites, bitosites and marosites. Table 4 shows 
the generalised maceral composition for each of the oil shale types.
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2.2a Cannels
Cannels are dominated by organic matter from higher-plants (Table 4; 
Plate 8) and may be subdivided according to the dominant liptinite 
macerals present. The major liptinites of cannels are sporinite, 
cutinite, resinite, suberinite and liptodetrinite. These oil shales are 
commonly associated with coals and coaly shales and are deposited in low 
moor to lacustrine environments. Cannel deposits are typically small in 
lateral and vertical extent in comparison with lacosite, bitosite and 
marosite deposits. Exploitation possibilities are therefore generally 
poor, unless associated coal seams are to be mined. .
In the present study, cannels from South Australia and Victoria 
(Australia) have been analysed (Appendix 4).
2.2b Torbanites
Torbanites are oil shales that have well-preserved, recognisable 
Botrvococcus-related telalginite as the dominant maceral (Table 4; 
Plate 6).
Botrvococcus is a fresh to brackish water chlorophyte. Algal colonies 
in torbanites are composed of several unicellular algae arranged in 
groups and bonded together by shared tissue. Botrvococcus-related 
alginite comprises two genera: Reinschia, which is dominant in
Australian torbanites (Plate 6d, e, f, g) and Pila, which is dominant in 
some Scottish torbanites (Plate 6h).
Torbanite deposits occur as thin, lensoidal bodies of limited lateral 
extent and were deposited in ponds and small lakes. They are commonly 
interbedded with coal seams and rarely with lacosites. The 'type7 
location of torbanite is in the Carboniferous of the Midland Valley in 
Scotland. Torbanites are some of the richest oil shales (some samples 
contain greater than 95% telalginite) but because of the small sizes of 
deposits, they are generally unattractive for economically feasible 
exploitation. Many deposits however, have been mined and retorted on
23
small scales during economic conditions different from those at present 
or during fuel shortages.
Torbanites from New South Wales (Australia) , Queensland (Australia), 
Scotland and Thailand have been analysed in the current work.
2.2c Lacosites
Lacosites (lamosites of Hutton et al. , 1980; Cook et al. , 1981; 
Hutton, 1986a; 1987a) are mainly composed of lamalginite and minerals
with small amounts of other macerals (Plates 2, 3, 4). They are 
strongly laminated and have a lacustrine origin. Although the grades 
are typically moderate to low, lacosites have considerable commercial 
interest because many deposits are very large in terms of in situ 
resources. For example, the Green River Formation lacosite deposit in 
Wyoming, Utah and Colorado, USA is the largest oil shale resource known. 
Large deposits also occur in Queensland (Australia) and Thailand.
Lacosites from Queensland, Thailand and the Green River Formation have 
been examined in detail in the present study.
2.2d Kukersites
Kukersite contains dominant telalginite that originates from 
Gloeocapsomorpha prisca. Traces of mineral matter and other alginite 
are also present (Plate 8i). The 'type' deposit occurs in the 
Ordovician of Estonia SSR. Kukersites were deposited in marine 
conditions and can be large in terms of in situ resources.
Kukersite from Estonia has been analysed in the present study.
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2.2e Tasmanites
Tasmanites contain an abundance of Tasmanites-related (tasmanitid) 
telalginite and variable amounts of bituminite, micrinite, lamalginite 
and liptodetrinite (Plate 7a-d). The 'type' occurrence outcrops along 
the Mersey River in Tasmania. Tasmanites were deposited in marine 
settings and in some cases, they are facies of bitosite deposits (Plate 
7e-i). The deposits generally are smaller than lacosite deposits but 
they may have much higher oil yields. Some of the rich deposits have 
been exploited in the past; assessment studies were done in the 
mid-1980s on some occurrences in eastern USA.
Tasmanites from Tasmania (Australia) and from USA have been examined in 
the present study.
2.2 f Bitosites
Bitosites (mixed oil shales of Hutton et al., 1980 and Cook et al., 1981 
and marinite of Hutton, 1986a; 1987a) are mainly composed of
bituminite and minerals with minor amounts of lamalginite, telalginite 
and liptodetrinite and traces of other macerals (Plates 5, 8). They
were deposited in marine environments and may be extensive, laterally 
and in thickness. Because of their large sizes and common associations 
with concentrations of trace elements, large scale exploitation of some 
deposits have been considered by various companies.
In the current work, bitosites have been studied from Queensland, USA 
and France.
2.2g Marosites
Marosites (mixed oil shales of Hutton et al., 1980; Cook et al., 1981 
and marinite of Hutton, 1986a; 1987a) are marine-deposited oil shales
that comprise dominant lamalginite and mineral matter with lesser 
amounts of bituminite, telalginite and liptodetrinite and traces of 
other macerals. The lamalginite is mainly derived from dinoflagellate 
and acritarch cysts. Marosites are commonly associated with bitosite 
deposits and transitional facies exist. They may have an extensive
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lateral extent and may have a thickness of up to 1000 m. Marosites 
therefore have potential for commercial exploitation and some deposits 
have been assessed by oil shale exploration companies.
Marosites from Queensland, USA and France have been examined in the 
current study.
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CHAPTER 3 SOME STUDIES RELEVANT TO THE PRESENT WORK
The main areas of research that relate to the present study involve 
organic petrography, models for depositional environments of organic 
matter-rich rocks, organic elemental analysis, pyrolysis analysis and 
statistical analysis. Much of the reported work that includes these 
aspects has been oriented towards studies of coal. Considerable amounts 
of recent work have been directed towards studies of petroleum source 
rocks but much of this research remains in the informal literature.
3.1 Coal Petrology
The two most authoritative works on coal petrology are the International 
Committee for Coal Petrology (ICCP) Handbook of Coal Petrology (1963; 
1971; 1975; in preparation) and Stach's Textbook of Coal Petrology
(Stach et al., 1975; 1982). The handbook is a standard guide for coal
petrographers throughout the world but revision and extension of some 
maceral definitions are desirable for studies on oil shales. Stach et 
al. (1975; 1982) described the origin of coal, the petrographic
constituents, changes with coalification and applications of coal 
petrology to oil and gas exploration.
Although Stach et al. (1975; 1982) discussed some coal-related oil
shales such as torbanites and cannels, most oil shales analysed in the 
present study have maceral and mineral compositions different from coaly 
rocks and therefore the depositional models are also different.
Bustin et al. (1983) gave a set of 'short course notes' on coal 
petrology with an emphasis on methods and applications. They included a 
literature survey and comparisons of some previously published 
classification schemes of organic matter. They also discussed sampling, 
sample preparation and petrographic techniques. Although much of the 
text is specifically oriented towards coal, the section on applications 
to oil and gas exploration have some additional relevance to oil shale 
petrology. This section however mainly relates to maturation and 
petrographic analysis of demineralised organic matter.
Falcon and Snyman (1986) presented an atlas of photomicrographs of 
macerals that occur in bituminous coals of South Africa. Analytical
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techniques and macérai nomenclature were discussed in the introduction 
to the colour plates. They followed the classification system of the 
ICCP (1963; 1971; 1975). The photomicrographs of liptinites are 
useful for studies on oil shales but the few illustrations of alginite 
only include occurrences in coals (i.e. Botrvococcus-related 
telalginite.
Information on analytical methods and techniques used in coal petrology 
has been presented in various publications of the Standards Association 
of Australia (SAA standard numbers 1038, 2096, 2486, 2515, 2061, 2856 
and 1676) and in Analytical Methods for Coal and Coal Products, edited 
by Karr (1978).
Much of the information in these works can be applied to oil shale 
petrology but revision or redevelopment of some terms and techniques is 
commonly required. Some of the modifications and additions to the 
nomenclature of coal macérais is included in SAA (1986b), partly as a 
result of work associated with the present study.
3.2 General Organic Petrology Based on Optical Microscopy
Petrological analyses of dispersed organic matter and in particular, 
studies of potential source rocks for oil generally have more relevance 
to oil shale petrology than do petrological analyses of coal. Studies 
of dispersed organic matter with an emphasis on reflected white light 
and incident fluorescence-mode microscopy have been published by 
numerous researchers. References to other analytical techniques (e.g. 
elemental analyses) and coal petrology are commonly made in these 
studies.
3.2a Fluorescence-mode Microscopy
van Gijzel (1971, 1975 and 1981) has been instrumental to the 
development of fluorescence-mode microscopy of organic matter. In 1971, 
he compared fluorescence properties of Holocene and fossil palynomorphs 
in relation to their characterisation. He emphasised some of the
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numerous factors that relate to fluorescence properties: chemical 
composition of precursor compounds, resistance of the compounds to decay 
and characteristics of the analytical equipment.
In 1975, van Gijzel described the use of polychromatic, ultraviolet 
microphotometry as an aid in identification of organic matter. He 
compared the fluorescence parameters of various, Recent plant tissues 
with those of preserved organic matter. Because of chemical changes 
caused by geological processes, the number of organic compounds in 
fossil material is generally greater than in fresh plant tissues. van 
Gijzel (1975) suggested that direct comparisons are therefore difficult 
to make but some generalisations can be made. He stated that organic 
matter develops greater positive alteration (enhanced fluorescence 
emission with irradiation time) and a longer wavelength of fluorescence 
emission, with increases in rank. He suggested that the increase in 
positive alteration is due to greater aromaticity of the organic matter 
and the degree of the increase is different for various organic matter 
types.
In 1981, van Gijzel discussed some applications of fluorescence 
microscopy to petroleum exploration. He suggested that shifts of 
fluorescence emanation to shorter wavelengths is coincident with 
increases in aromaticity and consequent decreases in the potential of 
the organic matter to produce oil. In his discussion of fluorescence 
characteristics of various types of organic matter, he subdivided the 
liptinites into alginite, amorphinite and liptinite derived from 
higher-plants.
Teichmuller and Wolf (1977) provided a general discussion on the 
applications of fluorescence microscopy to coal petrology and to oil 
exploration. They presented data on fluorescence emissions, 
fluorescence alteration of bituminite and fluorescence alteration of 
mineral matrices at various ranks. They suggested that bituminite is 
the major, oil-forming organic matter type and that it has a weak 
fluorescence with a positive alteration. In the present study, some 
material termed bituminite by Teichmuller and Wolf (1977) is classified 
as lamalginite and some material that does not fluoresce is classified 
as bituminite.
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Teichmiiller and Ottenjann (1977) used fluorescence—mode microscopy to 
study organic matter of the Posidonienschiefer in Germany. In addition 
to a "mineral— bituminous groundmass", they categorised most of the 
organic matter in the oil shales as bituminite, alginite and 
liptodetrinite. They subdivided bituminite into three types and 
alginite into Leiosphaeridiales and Tasmanales; they stated that 
Nostocopsis algae is the source for much of the liptodetrinite. In the 
present study, bituminite is not subdivided but transitions between 
bituminite and micrinite are noted; Tasmanales are classed as 
tasmanitid-derived telalginite and at least some Leiosphaeridiales are 
classed as lamalginite.
Teichmiiller (1982a) discussed the changes in fluorescence properties of 
liptinite and vitrinite with coalification and with carbonisation. 
According to her studies, strong positive alteration of fluorescence 
emission upon irradiation is indicative of low ranks. She suggested 
that background fluorescence caused by adsorbed organic matter also 
changes with maturation. Her work on the optical properties of alginite 
at various stages of artificial heating is relevant to the petrology of 
oil shales affected by igneous intrusions.
Bertrand et al. (1986) related fluorescence characteristics of organic 
matter with its chemical composition. In their discussion on the basic 
theory of fluorescence emission, they suggested that concentrations of 
fluorescing molecular species such as double-bonded structures, may 
decrease fluorescence emission; this decrease is caused by reabsorption 
of the emitted energy. Alginite is highly fluorescing because emission 
from the chromatophores is not reabsorbed by the aliphatic matrix. 
Bertrand et al ♦ (1986) found that lamalginite from the Green River 
Formation has a decreased fluorescence after extraction with organic 
solvents.
In a discussion on the theory of fluorescence, Lin et al. (1987) 
suggested that fluorescence of vitrinite originates from two phases: 
the 'macromolecular', cross-linked network and the 'mobile', smaller 
molecules present within the network. Fluorescence characteristics are 
largely controlled by the interaction of these two phases. Fluorescence 
of the macerals in oil shales may also originate from two phases.
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Lin and Davis (1988) related the decreases in fluorescence with rank to 
condensation and cross-linking reactions. The structures formed during 
maturation cause 'quenching' of the emissions because of interference 
effects. They suggested that the fluorophores of alginite are 
isoprenoids which contain double bond systems. Variations in the amount 
of isoprenoids in various alginite phyterals within a single sample may 
account for differences in their fluorescence characteristics.
3.2b Classification of Organic Matter
Alpern et al. (1972) and Alpern (1978a; 1980) have made valuable 
contributions to the characterisation of dispersed organic matter. 
Alpern et al. (1972) developed a general classification system for 
organic matter based on fluorescence-mode and reflected white light 
microscopy. He divided organic matter into seven major groups according 
to morphology and origin: tissues, humic gels, detritus, bitumens, 
excretions, spores/pollens and microorganisms. Algal organic matter is 
included in the microorganism category.
In 1978(a), Alpern presented an introduction to the petrography of 
organic matter. He related petroleum potential and organic matter 
evolution to an existing classification based on elemental analyses. In 
this classification, organic matter is divided into three distinct 
maturation paths as plotted on a van Krevelen diagram (i.e. types I, II 
and III). Some constraints of this scheme are discussed in section 3.9.
In 1980, Alpern discussed a petrographic classification system for 
organic matter and compared it with the maceral scheme of the ICCP 
(1975). In his classification he divided alginite into benthonic and 
planktonic components. He subdivided benthonic algae into "Pheophycees" 
and "Rhodophycees" and subdivided planktonic algae into "Chlorophytes", 
"Chromophytes" and "Schizophytes". This scheme is ideal in theory but 
to ascertain whether an alginite phyteral has a planktonic or benthonic 
origin is commonly not possible using petrographic methods. Alpern 
(1980) also discussed vitrinite, vitrinite-like substances and rank 
divisions according to vitrinite reflectance data.
31
Through identification of three 'new' liptinite coal macérais, 
Teichmüller (1974) made an important contribution to studies on 
dispersed organic matter and oil shales. She described fluorinite, 
exsudatinite and bituminite as they appear under fluorescence-mode and 
reflected white light illumination. Bituminite has special significance 
to the current study because of its abundance in oil shales. Her 
description of bituminite is similar to that presented in Chapter 2. 
The major differences are that she did not mention nonfluorescing 
varieties, she emphasised positive alteration as a diagnostic feature 
and she classified bituminite as a liptinite. Teichmüller (1974) 
suggested that bituminite may originate from algae, zooplankton and 
anaerobic decomposition of higher-plant material. She also presented a 
valuable discussion on the formation of micrinite and stated that 
micrinite can be a coalification product of bituminite.
Combaz (1975) developed a classification system for organic matter, 
based on chemical and microscopical methods. He divided organic matter 
into "kerogene", which is insoluble in CHCl^, and "bitume" which is 
soluble in CHCl^. He stated that "kerogene" mainly consists of 
"amorphe", "cutine" and "lignine" and that minor portions are vitrinite 
and microfossils. Included in his group of microfossils are spores, 
pollen, dinoflagellates, acritarchs, algae and scolecodonts. Much of 
the material he has classified as 'amorphous' is classified in the 
present study as alginite or bituminite; acritarch and dinoflagellate 
cysts are also classified as alginite in the present work.
In 1980, Combaz presented a classification scheme, which was based 
mostly on examination of demineralised strew mounts. He divided organic 
matter into 'amorphous' and 'figured'. Figured organic matter includes 
terrestrial microfossils (including spore and pollen grains), algae 
(including dinoflagellates, acritarchs, Tasmanites and Botrvococcus) and 
other microfossils and animal remains such as Chitinozoa and 
graptolites. Amorphous organic matter was subdivided into granular, 
subcolloidal and pellicular.
Robert (1981) proposed a classification system for organic matter based 
on fluorescence-mode microscopy. He included a discussion on 
application of the system to studies of hydrocarbon source rocks.
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The proposed classification includes three major divisions of organic 
matter: primary identifiable biological constituents (largely following 
ICCP nomenclature), primary shapeless matter and secondary products that 
result from thermal transformation of previously existing organic 
entities. Robert (1981) divided liptinite into reproductive organs 
(sporinite), plant secretions, plant tissues and membranes of 
unicellular organisms. Alginite was separated into unicellular and 
colonial groups. The unicellular group includes "generally marine 
forms" and contains Tasmanites, Leiospheres (thin-walled, smooth, 
imperforated alginite) and microfilamentous algae.
In the present study, microfilamentous algae are grouped under 
lamalginite and Leiospheres are classed as either lamalginite or 
telalginite, dependent upon cell wall thickness. The terms Leiospheres, 
Leiosphaeridiales. Leiosphaerdia, Liosphaeridia and Leiosphaerales are 
avoided in the current work because of confusion in the literature with 
regard to their definitions. Sarjeant (1974) referred to Leiosphaerales 
as acritarchs without processes, Teichmiiller (1985a; 1986) described 
Leiosphaeridiales as alginite that has thin cell walls and occurs as 
long strands and Hutton (1982b; 1987a) stated that fluorescence 
microscopy on polished blocks does not allow differentiation of 
Leiosphaeridia from Tasmanites. Burger (1980) stated that 
Leiosphaeridia is a type of acritarch and Macauley et al. (1985) 
categorised Liosphaeridia as a genus of acritarch. Tappan (1980) 
classified Leiosphaeridia as a genus of Prasinophyceae and 
differentiated it from Tasmanites by a lack of cell wall perforations in 
Leiosphaeridia. Loh et al. (1986) and Prauss and Riegel (1989) also 
categorised Leiosphaeridia as a genus of Prasinophyta. Many of these 
forms have been classified as tasmanitid-derived telalginite in the 
present work.
Robert (1981) stated that the "colonial" group of algae is mainly 
represented by the Botrvococcus family which includes Gloeocapsomorpha. 
He divided "primary structureless organic matter" into alginite, 
organo-mineral associations ("fluorescent groundmass") and bituminite. 
He added that the latter two terms form "one and the same group" and 
that the basic distinction between them is their distribution within 
mineral matrices. The present study indicates that background
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fluorescence may be caused by inorganic substances and many types of 
organic substances other than disseminated bituminite. Robert (1981) 
separated organo-mineral associations into "lacustrine sapropelic and 
marine sapropelic groundmasses". He followed Teichmiiller's (1974) 
definition of bituminite. Robert (1981) also described secondary 
products such as exsudatinite, bitumen and micrinite. The main 
precursors of hydrocarbons were designated as aliphatic-walled 
organisms, plant secretions and "groundmasses" impregnated with diffuse 
organic matter.
Mukhopadhyay et al. (1985) presented an organic matter classification 
scheme partly modified from Teichmiiller and Ottenjann (1977) and they 
related it to some pyrolysis characteristics. They divided liptinite 
into five major groups: alginite, "unfigured amorphous or detritus", 
liptinite A, liptinite B and resinite/fluorinite. The alginite group 
was reserved for algal remains greater than 0.03 mm in diameter and with 
definitive form. The liptinite A group contains marine phytoclasts and 
zooclasts, including dinoflagellates and acritarchs; liptinite B 
includes higher-plant liptinite. For the 'unfigured' group, they 
separated algal-derived detritus ('algodetrinite') from other organic 
detritus (liptodetrinite) and defined them as liptinite fragments less 
than 0.01 mm in diameter. Liptodetrinite is not subdivided in the 
present study because of difficulties in determination of its origin, 
although its association with other macerals may be indicative. Within 
the 'unfigured group' they included sapropelinite, which comprises the 
biodegraded remains of algae, phytoplankton, zooplankton and other 
liptinite precursors. This classification system, with some minor 
revision was employed by Mukhopadhyay (1989).
Jacob (1989) presented a classification scheme for bitumen 
('migrabitumen'). He divided bitumen into ten members, largely 
according to reflectance, fluorescence and solubility in the oil 
immersion used for microscopy. This classification scheme is used for 
subdivisions of bitumen in the present study. Jacob (1989) also 
discussed some of the chemical properties of each type of bitumen.
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3.2c General
Kantsler (1980) discussed aspects of organic petrology with particular 
reference to the liptinite group of macerals. All liptinite macerals 
were described in detail as they appear in transmitted light, reflected 
white light and incident ultraviolet/violet light excitation. Kantsler 
(1980) gave emphasis to alginite and divided it into alginite A, 
alginite B and phytoplankton. In the present study, alginite A is 
termed telalginite, alginite B is termed lamalginite and 'phytoplankton' 
is included in lamalginite. Kantsler (1980) also discussed the origins 
and characteristics of bitumens and mineral fluorescence. He suggested 
that clay fluorescence may originate from absorption of H-rich compounds 
into clay structures.
Powell et al♦ (1982) discussed limitations in the use of palynological, 
petrographic techniques in the identification of petroleum source rocks. 
The major limitations they proposed are that kerogen concentrates may be 
unrepresentative, amorphous organic matter is inadequately defined, 
quantitative estimations are inadequate and that organic matter types 
inadequately correlate with source potential. In the present study, the 
use of whole-rock polished samples alleviates many of these problems. 
As shown in Chapter 8, some positive correlations exist between retort 
yields of oil shales and the abundances of macerals according to the 
classification system employed.
Cook and Kantsler (1982) presented descriptions of macerals that occur 
in coals, oil shales and dispersed in other sedimentary rocks. They 
divided alginite into alginite A, alginite B and phytoplankton and 
described them in detail. They stated that at least some alginite B is 
derived from the green alga Pediastrum. They also described bituminite 
from coals but did not mention its occurrence in marine oil shales.
Teichmuller (1986) gave a review of studies on organic petrology and 
described the status of organic petrology in the mid-1980s. She 
discussed the modified Stopes-Heerlen maceral classification system of 
the ICCP and used it to illustrate numerous macerals shown in 
photographic plates. She emphasised the need to relate organic 
geochemistry with petrography.
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Murchison (1987) presented a comprehensive overview of advances in 
organic petrology during the 1970s and 1980s. He briefly discussed 
numerous publications on fluorescence-mode microscopy, organic matter 
classification, pyrolysis studies and biomarkers.
3.3 Other Studies on Organic Matter
The origin, formation and early evolution of Holocene organic matter was 
described by Hue (1980). He suggested that the productivities of water 
organisms are largely controlled by the amount of light and nutrients 
and that periods of widespread, oceanic transgression, such as during 
the middle Cretaceous, are characterised by high organic productivities. 
He also stated that the preservation of organic matter may be enhanced 
by low oxygen contents, a lack of N, a presence of toxic substances and 
a resistance of the organic matter to decay. The present study 
indicates that resistance to decay is probably a major factor that 
controls the accumulation of organic matter in oil shales.
Because dinoflagellate cysts are present in many marine oil shales, 
studies on dinoflagellates are relevant to the present work. Williams 
(1971) discussed the distribution of marine dinoflagellates in relation 
to physical and chemical conditions of the environment. According to 
Williams (1971), the major factors likely to affect dinoflagellate 
growth include incident radiation, major and minor nutrients and 
hydrodynamic and other physical controls. Dinoflagellates commonly 
flourish in areas of upwelling, where the waters are enriched in 
nutrients but various species have different requirements for growth.
In 1977, Williams discussed the classification, biostratigraphy and 
paleoecology of dinocysts. He stated that the morphology of dinocysts 
may be indicative of depositional environments; for example 
thick-walled cysts may be dominant in neritic zones whereas thin-walled 
forms may be dominant in open marine environments.
In 1978, Williams presented a general introduction to morphology, 
paleoecology and stratigraphy of organic-walled microfossils that occur 
in the marine realm. In this work, he suggested that tasmanitids may
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bloom in littoral environments where freshwater inflow decreases 
salinity.
Applications of studies on fossilised planktonic organisms to problems 
of stratigraphy and paleoecology were discussed by Sarjeant (1970a). He 
stated that modern dinoflagellates are concentrated at water depths 
between 18 and 90 m and that reduced salinities lead to reduced 
diversity.
Sarjeant (1974) gave a thorough discussion on living and fossil 
dinoflagellates. This work is largely oriented towards the ecology of 
dinoflagellates but morphology and stratigraphic aspects were also 
discussed in detail. He found that most dinoflagellates prefer stable 
environmental conditions and that productivity is largely controlled by 
nutrient availability. Some dinoflagellates bloom if conditions are 
optimal; these blooms are normally terminated by a lack of nutrients 
and decreased light.
Tappan (1980) presented an exhaustive text on the paleobiology of plant 
protists. In her discussions on the various algal types, she included 
sections on systematics, morphology, classification, chemical 
composition, preservation, occurrence and ecology. She stated that 
highly diverse assemblages of phytoplankton accumulate offshore whereas 
single-species populations accumulate in nearshore environments. She 
also stated that tasmanitids commonly occur in brackish conditions. 
According to Tappan (1980), dinoflagellate blooms may occur in a variety 
of settings but are commonly related to seasonal changes and increased 
concentrations of nutrients.
In the late 1980s, some studies were published on TEM (transmission 
electron microscopy) of organic matter. Taylor and Liu (1989a) used TEM 
to study the occurrence, origin and significance of micrinite. They 
found that four types can be differentiated with TEM: small cavities, 
humic material, fine mineral and inertinite particles and aggregates of 
ultrafine liptinite-derived particles (termed 'submicrinite'). 
Micrinite in the oil shales of the present study largely or entirely 
belongs to the submicrinite type. Taylor and Liu (1989a) suggested that
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this micrinite originates during the formation of liquid hydrocarbons; 
the oil is generated during diagenesis or maturation.
Taylor and Liu (1989b) found that TEM revealed very fine-grained 
liptinitic material in coals. They stated that much of this material 
may originate from algae and bacteria. According to Taylor and Liu 
(1989b), alginite and algal-derived liptodetrinite may generate some oil 
at low ranks, especially where the liptinite is biodegraded.
3.4 Petrology of Oil Shales 
3.4a General
Because of the widespread interest in oil shales during the late 1970s 
and early 1980s, much of the published work is from this period. 
Monographs written on the organic petrology of oil shales include 
Organic Petrology of Oil Shales by Hutton (1982b; a PhD dissertation), 
Low Rank Oil Shales: Part I —  Organic Petrology by Sherwood (1984) and 
Australian Oil Shales: A Compendium of Geological and Chemical Data by 
Crisp et al. (1987).
Collected works on oil shale petrology include Oil Shale Petrology 
Workshop edited by Cook and Kantsler (1980) and Oil Shale edited by Yen 
and Chilingarian (1976).
Other publications largely devoted to oil shale petrology include: The 
Origin and Petrology of Organic Matter in Coals. Oil Shales and 
Petroleum-Source Rocks edited by Cook (1982b), Kerogen edited by Durand 
(1980a), proceedings of the various Australian workshops on oil shale, 
proceedings of the various 'Eastern Oil Shale Symposiums', La Géologie 
des Charbons, des Schistes Bitumineux et des Kérogènes —  Bulletin 
Centres Recherche Exploration-Production Elf-Aquitaine (1981) and 
Geochemistry and Chemistry of Oil Shales edited by Miknis and McKay 
(1983). Numerous papers in Marine Petroleum Source Rocks edited by 
Brooks and Fleet (1987) and Lacustrine Petroleum Source Rocks edited by 
Fleet et al. (1988) relate to oil shale petrology. Chapters or papers
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from these volumes are refered to in this and other chapters according 
to their main emphasis.
Alpern (1978b) suggested that gross petrographic compositions of oil 
shales vary according to deposit age. He stated that many Paleozoic oil 
shales contain alginite (mostly Botrvococcus) whereas alginite and 
sporinite are commonly present together in Mesozoic samples. The 
present study does not suggest such a simple relationship. The proposal 
by Alpern (1978b) that bituminite is synonymous with fluorescing 
bitumen, is not used in the present work. Alpern (1978b) also discussed 
the problems of using vitrinite reflectance to determine rank of oil 
shales and commented on some aspects of oil shale utilisation.
In 1981, Alpern gave a detailed description of Botrvococcus and brief 
descriptions of Tasmanites, Nostocopsis and mineral matter in oil 
shales. He presented a table of the types of algae present in oil 
shales; the table includes Botrvococcus, Tasmanites, Gloeocapsomorpha, 
Nostocopsis and Pediastrum. He designated the organic matter in Green 
River Formation oil shales as sapropelic, amorphous, fluorescing organic 
matter. In the present study, this organic matter is classified as 
lamalginite and the depositional conditions are not assumed to be 
sapropelic. Alpern (1981) briefly described various techniques used for 
oil shale assessment, including Fischer Assay, Rock-Eval and density 
measurements.
In their textbook on petroleum formation and occurrence, Tissot and 
Welte (1978; 1984) included some information on oil shales. They 
briefly discussed historical perspectives, petrographic and chemical 
compositions of organic matter in oil shales and aspects of retorting. 
They suggested a lower limit of about 5% by weight organic matter for a 
rock to be an oil shale. They delineated three settings for oil shale 
deposition: small lakes, lagoons and bogs, large lake basins and 
shallow seas.
Cook (1980) discussed some optical techniques for examination of organic 
matter in oil shales. He emphasised fluorescence-mode illumination and 
described technical aspects of suitable microscope systems.
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Hutton et al. (1980) proposed a nomenclature scheme for the organic 
matter in oil shales. They also proposed an oil shale classification 
system which is based on the origin and properties of the organic 
matter. This system forms the basis for the classification scheme used 
in the present study but major additions and revisions have been done. 
Hutton et al♦ (1980) described the generalised organic petrology of 
various oil shale types and discussed some deposits in detail. A 
discussion of organic geochemistry of oil shales was also provided.
Hutton (1980) briefly discussed the organic petrology of some Australian 
and other oil shales. The deposits described include Sydney Basin 
torbanites, Mersey River tasmanites, Australian 'lamosites', Green River 
Formation 'lamosites', Toolebuc Formation oil shales and Nawabi Kas 
(Pakistan) oil shales. In his discussion of the Toolebuc Formation, he 
designated bituminite as vitrinite-like matter and he separated 
dinoflagellate and acritarch cysts from other alginite. In the present 
study, these cysts are classed as lamalginite because of their lamellar 
form.
Cook et al. (1980) presented a general introduction to studies of oil 
shales. They described the organic petrology of various oil shale types 
and the inorganic petrology of some deposits. Unlike the present study, 
Cook et al. (1980) suggested that early development of anaerobic 
conditions is a critical factor for preservation of organic matter.
Cook et al. (1981) also followed the classification scheme of Hutton et 
al ♦ (1980) but with minor revisions. They provided an extensive 
compilation of the characteristics of liptinite macerals and supplied an 
integrated classification scheme that relates elemental composition with 
petrography of organic matter in oil shales.
Hutton (1982b) presented an extensive thesis on the organic petrology of 
various oil shale deposits and included some interpretations on the 
depositional environments for 'lamosites' from eastern Queensland. He 
stated that algae identified in the 'lamosites' of eastern Queensland 
include the acritarchs Leiofusa. Micrhvstridium and Cleistosphaeridinmr 
the dinoflagellate Septodinium and the green algae Pediastrum and 
Botryococcus braunii. He suggested that most alginite in medium- and
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low-grade Tertiary 'lamosites' from Queensland has planktonic sources 
and that alginite in the high-grade beds originates from either degraded 
planktonic algae or benthonic algae. He plotted alginite abundances 
from point-counting against modified Fischer assay oil yields for 
Rundle/Stuart 'lamosites' and derived an equation to define the 
relationship: oil yield (litres per tonne) = 4.63 x alginite volume 
percentage - 13.64. This relationship does not apply to samples that 
have less than about 5% by volume alginite. From his organic 
petrographic studies, Hutton (1982b) agreed with other workers for a 
lacustrine environment of deposition for the Tertiary 'lamosites' from 
Queensland. A fresh to brackish water lake with possible connection to 
the ocean was proposed for the deposition of Rundle 'lamosites', a deep 
stratified lake similar to Lake Kivu Africa (after Demaison and Moore, 
1980) was proposed for deposition of Condor 'lamosites' and a freshwater 
lake was proposed for deposition of Duaringa 'lamosites'. A largely 
meromictic lake system was favoured by Hutton (1982b) for deposition of 
Green River Formation 'lamosites'. He suggested that algae grew and 
accumulated during high rainfall periods and mineral precipitation was 
prevalent during low rainfall periods. Hutton (1982b) stated that 
Cleistosphaeridium, Spiniferites, Olicrosphaeridium. Trichodinium, 
Spinidium and Diconodinium are present in Toolebuc Formation oil shales. 
For these oil shales, he favoured a depositional environment similar to 
that proposed by Ozimic and Saxby (1983).
Hutton (1984b) discussed the facies of lacustrine oil shales with an 
emphasis on eastern Queensland occurrences and the Green River Formation 
(GRF). He agreed with a meromictic model for deposition of GRF oil 
shales and suggested that algae accumulated during periods of high 
rainfall and low salinities. Hutton (1984b) proposed that anoxic 
conditions and high sedimentation rates of algae were controlling 
factors for oil shale deposition in eastern Queensland.
In 1985a, Hutton published additional data on the relationship between 
alginite abundance in oil shales and Fischer assay yields. He found 
that oil yield (litres per tonne) = 4.3 x volume % of alginite - 8.7 for 
'lamosites' of eastern Queensland. The various deposits studied have 
different regression equations; he attributed this to differences in
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telalginite abundances and to differences in maturities. The equations 
are not suitable for low abundances of alginite.
In a publication on petrographic classification of oil shales, Hutton 
(1987a) agreed with Eugster and Surdam (1973) who suggested that 
lamalginite in the GRF probably originates from blue green algae. He 
stated that Foerstia, which is included under tasmanitids in the present 
study, is one of the progenitors for telalginite.
Hutton (1987b) discussed beneficiation of oil shales with regard to 
organic petrography. He stated that beneficiation depends upon 
abundance, type, distribution and size of organic matter and minerals.
Glikson (1983a) used optical microscopy, electron microscopy, stable 
isotope analyses and elemental analyses to study organic matter in 
various oil shale deposits. She suggested that low-reflecting,
'vitrinite-like matter', which is normally termed bituminite in the 
present study, originates from bacteria and that brightly fluorescing 
liptinite (alginite) originates from green algae. The present study 
indicates that this interpretation may be an oversimplification and that 
bacteria may not be the major precursor of bituminite although they make 
a contribution.
Williams (1983a) gave an introduction to oil shale petrology and 
commented on various methods of oil shale analysis. He defined oil 
shales as fine-grained sedimentary rocks that produce oil on 
distillation and contain predominantly "sapropelic" insoluble organic 
matter. Williams (1983a) stressed a requirement of anaerobic conditions 
for oil shale formation. The present study indicates that organic 
matter may be preserved under other conditions as well.
Williams (1983b) presented another publication on analytical methods for 
oil shale studies. He suggested that the organic matter in Rundle oil 
shales is amorphous and that algal origins are inferred. The current 
study and work by Hutton (1982a, b; 1983; 1984a; 1984b; 1985b; 
1986a; 1987a) have shown that algal precursors can be identified for 
much of the organic matter in the Rundle deposit. Williams (1983b)
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presented some valuable data on correlations of oil yield with 
proportion of "laminated amorphous kerogen" for Kimmeridge marine oil 
shales. He also described various chemical methods employed for oil 
shale and shale oil analyses.
The American Association of Petroleum Geologists publishes a paper on 
developments in the oil shale industry for each year (e.g. Knutson et 
al_i./ 1987; 1988; 1989). The status of research/development and 
commercial projects have been discussed along with resource estimates, 
grades and general geology. Similar papers are commonly published in 
each volume of the proceedings of the Australian workshops on oil shale 
(e.g. Moore et al., 1986).
3.4b Oil Shale Classification
Few systematic attempts have been made to classify oil shales and none 
have been widely received. Division of oil shales is commonly made 
according to the chemistry of the organic matter or by oil yield. In 
either of these systems, geologically dissimilar oil shales may be 
grouped together and similar ones may be separated. A mineralogical 
classification scheme is largely irrelevant in relation to the major use 
of oil shales.
Combaz (1975) divided organic matter-rich rocks according to volume 
percentages of alginite, 'inertinite + vitrinite' and mineral matter. 
He divided liptinite-rich rocks into three types: liptobiolites which 
are dominated by higher-plant liptinite, algites which are dominated by 
Botrvococcus or Tasmanites, and schiste bitumineux which contain other 
alginite, bacteria, animal tissues and other organic matter. Combaz 
(1975) related this classification scheme to plots on van Krevelen 
diagrams.
Combaz (1980) divided organic matter-rich rocks into those that have 
high contents of organic matter (i.e. humic coals and sapropels) and 
those that have low contents of organic matter (i.e. laminites, 
grey-black shales and carbonates). 'Sapropels' include torbanites, 
tasmanites and kukersites whereas laminites include rocks that have
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organic matter-rich and organic matter-poor laminae (e.g. oil shales 
from the Green River Formation and the Paris Basin). The terms 
'sapropel' and 'sapropelite' are avoided in the present study because of 
the implications on depositional environments (see section 4.2e). The 
term laminite is preoccupied by its use for a group of organic 
matter-poor, flaser-bedded siltstones.
Hutton (1982b; 1986a; 1987a) employed slightly revised versions of the 
classification system of Hutton et al. (1980) and Cook et al ♦ (1981). 
Based on morphology of the lamalginite, he subdivided 'lamosites' into 
"Green River-type" and "Rundle-type"; 'mixed oil shale' was renamed 
"marinite". In 1987a, Hutton stated that the shortcomings of the 
classification include, grouping together alginite-dominated and 
bituminite-dominated marine oil shales and a lack of consideration of 
vitrinite-like organic matter in marine oil shales. In the current work 
this 'vitrinite-like' organic matter is mainly termed bituminite and 
these limitations are accommodated in the proposed classification 
system.
Williams (1983a) commented on the classification schemes of Hutton et 
al. (1980) and Cook et al. (1981). He suggested that kukersite, 
tasmanite and torbanite are dealt with satisfactorily although kukersite 
and tasmanite have a "somewhat restricted occurrence outside their type 
localities". He further suggested that differentiation between 
'lamosites' and 'mixed oil shales' "appears somewhat subjective" and he 
implied that too many oil shales fall within the 'mixed oil shale' 
category. With continued organic petrological studies of oil shales, 
the number of known occurrences of the various types of oil shales will 
probably become more balanced. In the present study, 'mixed oil shales' 
have been subdivided according to bituminite— alginite ratios, thereby 
decreasing the subjectivity and removing the confusing and 
noninformative term 'mixed oil shales'.
The classification scheme devised in the current study is presented in 
Cook and Sherwood (1989) and Cook and Sherwood (1991).
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3.4c Case Studies —  Organic Petrology
Few works on organic petrology of specific oil shale deposits have been 
published.
Hutton and Cook (1980) discussed the organic petrology of torbanites 
from Joadja and other parts of New South Wales. They emphasised the 
depression of vitrinite reflectance with the presence of alginite.
The petrography of oil shales from Julia Creek, Queensland was discussed 
by Ramsden (1983). He employed reflected white light, incident 
fluorescence-mode, transmitted light and scanning electron microscopy to 
study core samples from six drillholes. Most of the organic matter was 
described as "nondescript, with a generally weak fluorescence". He 
divided this organic matter into laminated and "finely divided" 
varieties. The "nondescript" organic matter is classed as bituminite in 
the present study. Ramsden (1983) identified "sporelike" bodies; these 
are categorised as tasmanitid cysts in the current work. Because of the 
presence of abundant coccolith fragments, Ramsden (1983) concluded that 
most organic matter is derived from Coccolithophoridaceae. The massive 
nature of some bituminite however is not consistent with this 
interpretation. According to Ramsden (1983), "the weight of the 
evidence points to fluctuations in depth, both above and below the 200 m 
level" for the Toolebuc seas that deposited the oil shales.
Hutton (1983; 1985b) discussed the organic petrography of
Rundle— Stuart 'lamosites'. He commented on the vertical variations in 
organic matter type and abundance and noted that fluorescence colours 
and intensities do not vary systematically with depth. Tables of the 
compositions and dominant features of major rock types in the deposit 
were presented. Hutton (1983) discussed petrography of the oil shales 
in relation to elemental composition and used a van Krevelen diagram to 
characterise some samples according to the 'kerogen types of Tissot et 
al. (1974).
Hutton (1984a) presented a short discussion on organic petrology of the 
Rundle— Stuart oil shales with an emphasis on Pediastrum as an algal 
source for the lamalginite. .
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In 1986b, Hutton described the organic petrology of the Duaringa oil 
shale deposit of Queensland. He illustrated the major differences 
between the lower unit, which is generally similar to Rundle oil shales 
and the upper unit, which is different. The upper unit contains few 
coal seams and contains lamalginite that generally fluoresces at shorter 
wavelengths than that in Rundle oil shales.
In 1988, Hutton wrote about the Condor oil shale deposit. He provided a 
detailed account of the organic petrography of the units and subunits. 
He included a discussion on vitrinite reflectance data and some 
interpretations on the environment of deposition. Hutton (1988) stated 
that much of the lamalginite in the Condor deposit originates from 
Pediastrum and Seotodinium.
Hutton and Henstridge (1985) discussed the petrology of oil shales from 
near a dolerite intrusion in the Stuart deposit. Largely on the basis 
of petrography of the lamalginite, they delineated four zones proximal 
to the intrusion. They noted that the zone of maximum bitumen abundance 
has the lowest vitrinite reflectance values. This result is not 
entirely consistent with the present work on a thermally altered zone in 
the Rundle oil shale deposit (Chapter 4).
Henstridge and Hutton (1984) provided a description of the organic 
petrology of the lacustrine Lowmead oil shale deposit of eastern 
Queensland. The organic matter in these oil shales comprise mainly 
lamalginite with lesser amounts of vitrinite and sparse amounts of 
telalginite; some of the lamalginite is derived from Pediastrum.
Sherwood and Cook (1983; 1986) discussed the organic petrology of 
Toolebuc Formation oil shales. Sherwood et al. (1984) described the 
petrology of a suite of oil shales from Thailand and Cook and Sherwood 
(1989) discussed various suites of oil shales from eastern Queensland.
Glikson and Taylor (1986) used optical microscopy, SEM and TEM to study 
Toolebuc Formation oil shales. From the TEM studies, they found that 
some of the vitrinite-like matter, which is classed as bituminite in the 
present work, reveals a filamentous structure and they suggested that 
cyanobacterial mats may have been a major contributor. They stated that
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organic remains of coccoliths may have been contributing organic 
sources. Glikson and Taylor (1986) discussed conditions of the 
depositional environment, largely with regard to the requirements of the 
prolific coccolithophoridaceae biota and with regard to the growth of 
cyanobacterial mats and sulphate-reducing bacteria. They favoured a 
stagnant basin model.
Boreham et al♦ (1988) employed optical microscopy, pyrolysis methods and 
elemental analyses to study organic petrology of the Duaringa oil shale 
deposit. They found that some of the organic matter, especially in the 
lower unit, may have been degraded during deposition. Because of the 
variation in 0/C values, they suggested that some organic matter was 
probably oxidised prior to burial. The samples from the lower unit have 
elevated 0/C values and poor preservation of the lamalginite.
Many published and unpublished articles on general geology of specific 
deposits have been used in the current work and are referenced in the 
various chapters.
3.5 Depositional Environments for Organic Matter-rich Rocks
Numerous works that involve interpretations on depositional environments 
for oil shales and other potential petroleum source rocks have been 
published; many of these pertain to Green River Formation lacosites or 
to marine, Cretaceous organic matter-rich shales.
3.5a Green River Formation Oil Shales
Bradley (1970) suggested that algae and other microorganisms grew and 
accumulated in the central portion of large, shallow, subtropical lakes 
during deposition of Green River Formation oil shales. He added that 
the algae were probably derived from a Cyanophyceae mat and that they 
were deposited in a tectonically quiescent environment.
Mostly based on the presence of desiccation features and well-preserved 
microfossils in the Wilkins Peak Member, Bradley (1973) proposed that 
the lakes were very shallow. He suggested that the algal ooze was 
preserved by heat fixation after drying of the lake.
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Eugster and Surdam (1973) agreed with the shallow lake model for 
deposition of Green River Formation oil shales. They propounded a 
shallow lake fringed by playa flats to explain trona, dolomite, 
protodolomite and oil shale formation. This model is mainly supported 
by desiccation features and indicators of strong currents. Eugster and 
Surdam (1973) suggested that the playa model offers a better explanation 
for hydrology, brine evolution, mineral formation and basin 
sedimentation than a stratified lake model as proposed by some other 
workers.
Smith (1974) suggested that four requirements are needed to explain the 
stratigraphy of Green River Formation oil shales: lack of water 
currents, absence of lake overturns, slow depositional rate and absence 
of benthic fauna. He added that the lateral continuity of laminae 
indicates that identical depositional conditions existed over large 
areas. Because of the ubiquity of organic matter throughout the 
formation, he inferred that the environment was stable, persistent and 
capable of re-establishment after interruption. Smith (1974) proposed 
that a stratified lake model best suits the requirements and he 
presented a geochemically based argument for support. In this type of 
model, organic matter preservation is enhanced by anaerobic bottom 
conditions; most organic matter has planktonic sources and saline 
minerals precipitate due to variable chemical conditions in the 
hypolimnion.
Eugster and Hardie (1975) agreed with Bradley (1973) and proposed that 
the oil shales were deposited in shallow water and were periodically 
desiccated. The evidence for this is mudcracks and intraformational 
breccias. They suggested that the oil shales are a major transgressive 
facies and that changes in water level were controlled by rainfall, 
temperature and other climatic effects.
Surdam and Wolfbauer (1975) envisaged a playa lake environment for 
deposition of Green River Formation oil shales. They maintained that 
evidence for these conditions includes features of subaerial weathering, 
evaporitic-type cherts, fluctuating paleo-shorelines and variable 
paleo-salinity conditions. They proposed that the rocks were deposited 
in a warm temperate to subtropical climate which had annual temperatures
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ranging from about 15° to 20°C and annual precipitation ranging from 
about 600 to 760 mm.
From studies in the Piceance Creek Basin, Lundell and Surdam (1975) also 
advocated playa lake deposition for the Green River Formation. They 
largely based their interpretations on the presence of stromatolites, 
oolites, pisolites, interference and oscillation ripples, mudcracks, 
flat-pebble conglomerates and crystal molds of saline minerals. The low 
paleotopographic gradient was also considered. They regarded the oil 
shales as representative of expanded stands of the lake and suggested 
that these stands were caused by climatic changes (after Eugster and 
Hardie, 1975). According to Lundell and Surdam (1975), the water was 
shallow even during high stands; this is evidenced by mudcracks, bedded 
salts, flat-pebble conglomerates and stromatolites, all of which are 
associated with the oil shales.
Robinson (1976) based his interpretations for the depositional 
environment of the Green River Formation on studies of general geology, 
mineralogy and organic petrology. Because of highly variable mineral 
and organic matter compositions, he proposed a variable environment of 
deposition. Robinson (1976) suggested that lake stratification 
prevented thermal overturns and the lake level fluctuated. He stated 
the level was low enough at times such that marginal areas were 
desiccated and the lake's greatest depth was probably about 35 m.
Desborough (1978) disagreed with the playa model and favoured a model 
involving a chemically stratified lake. He stated that many minerals 
and sedimentary structures from currents expected in a playa environment 
are absent. He proposed that most organic matter is derived from 
blue-green algae which lived in the euphotic zone.
Surdam and Stanley (1979) suggested the hydrologic regimes varied from 
open (freshwater) to closed (alkaline water) during deposition of the 
Green River Formation. They maintained that sedimentation was strongly 
influenced by the relationship between evaporation, water inflow, water 
outflow and the related transgressions and regressions. The associated 
fish bones and persistence of oil shale in the central part of the basin
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led Surdam and Stanley (1979) to believe that a permanent alkaline to 
freshwater lake existed, except during evaporitic periods. Based on the 
types of deltas preserved from the freshwater phases, they suggested 
that water depths were probably up to 25 m.
In 1980, Surdam and Stanley continued to study effects of the drainage 
basin boundaries of the ancient lake system. Some other authors (e.g. 
Eugster and Hardie, 1975; Lundell and Surdam, 1975) suggested that lake 
level changes were mainly caused by climatic variation. Surdam and 
Stanley (1980) conceded that climate had profound effects on lake level, 
chemistry and productivity but added that filling of adjacent basins 
also may have been important. Based on their inferences of variable 
hydrographic factors, they developed a model to explain the various 
phases of deposition of the Green River Formation.
Buchheim and Surdam (1981) studied fossil fish of the Laney Member of 
the Green River Formation and made some interpretations on 
paleoenvironments. They recognised two general facies: littoral and 
limnetic. The littoral paleocommunity comprises mainly juvenile 
Kniahtia fish, ostracodes, horsetails, cattails, fish fry and 
terrestrial insects, whereas the limnetic paleocommunity comprises adult 
Knightia and abundant bottom-dwelling catfish.
Dyni and Hawkins (1981) studied oil shale breccias (i.e. "non-laminated, 
blebby and streaked oil shale") of the Green River Formation and found 
little evidence to support a mudflat paleoenvironment. Oil shale 
breccia is abundant at the basin depocentre and a marked compositional 
difference exists between the clasts and the matrix. Because of this 
evidence as well as the presence of large clasts, graded-bedding and 
slump structures, Dyni and Hawkins (1981) suggested that the rocks were 
deposited by turbidity currents. They proposed that the presence of 
turbidites is possibly indicative of steep slopes and lake depths 
greater than 50 m.
Boyer (1982) favoured a model that involves an ectogenic, meromictic 
lake for deposition of at least some of the Green River Formation 
lacosites. He suggested that increases in freshwater inflow to a 
pre-existing saline lake led to a chemically stratified lake.
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The increased inflow was caused by extrabasinal events such as climate 
or changes in drainage patterns. Similar to Robinson (1976) and Surdam 
and Stanley (1979), he preferred a model that involved highly 
fluctuating lake levels and he therefore combined stratified and playa 
lake models. In his synopsis, the stratified lake phase is emphasised. 
Boyer (1982) suggested that the lacosites be examined for 
phytoplanktonic microfossils in order to give an insight into 
environment of deposition. The present study shows that specifically 
identifiable phytoplankton is rare within the lacosites. Bradley (1964) 
identified Pediastrum, which is a freshwater green alga, and Hutton 
(1982b) suggested that freshwater dinoflagellates are present in some of 
the lacosites. The present study reveals a possible presence of 
benthonic algae in some of the oil shales.
From studies on oil shales from the Piceance Creek Basin, Smith (1983) 
favoured a depositional environment that involves a stratified lake. He 
suggested that oil shales were deposited largely because of a paucity of 
mineral input rather than prolific algal growth. According to Smith 
(1983), the chemical environment of the monimolimnion was responsible 
for hydrogen enrichment of the organic matter and for deposition of many 
of the various carbonate and silicate minerals.
Cole (1984) delineated two facies of the lower Parachute Creek Member of 
the Green River Formation in the Piceance Creek Basin. He concluded 
that laminated facies developed in a meromictic lake and that "streaked 
and blebby" facies originated from turbidity currents, which transported 
sediment from marginal areas to the meromictic area.
Eugster (1985) stated that a model involving a lake with permanent 
density stratification is not suitable for deposition of any part of the 
Green River Formation. He proposed that the lake was intermittently 
stratified but the duration of stratification was limited. Eugster 
(1985) suggested that deposition of many of the oil shales in the 
Wilkins Peak Member were initiated by transgressions and terminated by 
regressions.
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3.5b Other Oil Shales
Most articles on the general geology of specific oil shale deposits
(e.g. Lindner and Dixon, 1976; Green and Bateman, 1981; Henstridge and
Missen, 1982; Ozimic, 1982a; 1982b; 1986; Ozimic and Saxby, 1983; 
Gibling et al. , 1985b and Gibling , 1988) contain a section on 
environment of deposition; these articles are refered to in various 
chapters of the present study.
Cane (1976) presented a paper on the origin and formation of oil shales 
in general. He commented on the diverse possible geological conditions 
that may promote oil shale deposition and described the origin of 
tasmanites and torbanites in detail.
Kauffman (1981) presented a comprehensive dissertation on a depositional 
model for the Posidonienschiefer in Germany; this model is an 
alternative to the generally accepted stagnant basin model. He based 
his 'modified gyttja model' on stratigraphic, paleoenvironmental and 
paleoecological data.
Gibling et al. (1985a) studied the inorganic petrology of Mae Sot Basin 
lacosites from Thailand. They found well-defined rhythmites, limnic and 
subaerial fossils, some possible turbidites and a lack of desiccation 
features in the oil shales. Because of this evidence, they proposed a 
perenially stratified lake as a depositional model. In Sherwood et al. 
(1984) and the current study, models that involve highly variable water 
levels are favoured.
McMinn and Burger (1986) studied the palynology of the Toolebuc 
Formation and made some interpretations on paleoenvironments. On the 
basis of dinoflagellate abundances, they suggested that two 
transgressions were possibly involved in the deposition of the Toolebuc 
Formation. McMinn and Burger (1986) stated that the dominance of 
Diconodinium probably indicates 'restricted conditions'.
Mainly on the basis of pyrolysis and petrographic data, Wenger and Baker 
(1986) made interpretations on depositional environments of some 
Pennsylvanian marine oil shales from the central USA. They suggested
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that transgression led to flooding of bordering swamps and consequent 
increases in nutrient levels and algal productivity. The high 
productivity caused anoxic conditions to develop in the lower part of 
the water column.
Loh et al. (1986) studied the depositional environment of the Toarcian 
Posidonia oil shales by consideration of sedimentology, mineralogy, 
paleontology and organic petrology. They suggested a model that 
involves development of a pycnocline. This stratification led to a lack 
of mixing and anoxic conditions at the sea bottom. According to Loh et 
al. (1986), benthonic algal mats may have been the source for bituminite 
and alginite B (lamalginite).
The depositional environment of the Dinantian Oil Shale Group of 
Scotland was reviewed by Parnell (1988). Some analogies for the 
proposed model were made with the depositional model proposed by 
Sherwood et al. (1984) for oil shales from Thailand. On the basis of 
sedimentological and organic petrological data, Parnell (1988) suggested 
that elements of playa lakes and perennial lakes may apply to deposition 
of the oil shales.
In studies of the environment of deposition for Dinantian oil shales, 
Loftus and Greensmith (1988) concentrated on the sedimentology of the 
Burdiehouse Limestone. They proposed that the limestones were deposited 
during 'closed' stages of the lake (i.e. without an outlet) and that oil 
shales were deposited during stable, 'open' stages. According to these 
authors, the water levels were about 50-100 m deep at the depocentre and 
the water column was stratified during deposition of the oil shales.
According to Anadon et al. (1988), the Miocene lacustrine oil shales of 
the Rubielos de Mora Basin in Spain were deposited under anaerobic 
conditions in a meromictic lake. The evidence for anoxia includes thin 
laminae, a lack of bioturbation and preservation of delicate fossils.
Based on stratigraphy, sedimentology and geochemistry, Jenkyns (1988) 
related the widespread deposition of Toarcian organic matter-rich shales 
to an 'anoxic event'. These rocks are partly analogous to the Toolebuc 
Formation of Australia. Interpretation of the anoxic event was largely
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based on organic richness and the presence of fine laminae in various 
Toarcian rocks throughout the world. He suggested that the event mainly- 
affected the mid-water zone of the oceanic water column and that 
deposition of the epicontinental oil shales was due to impingement of 
this water level onto the continents.
Prauss and Riegel (1989) studied associations of phytoplankton for 
derivation of a depositional model for epicontinental, organic 
matter—rich shales. Much of their work was oriented to the Toarcian 
Posidonienschiefer of Europe. They suggested that the existence of 
Prasinophytes (e.g. Tasmanites) without associated dinoflagellates and 
acritarchs indicates decreased surface salinity and a consequent 
pycnocline, which led to density stratification and deposition of 
anaerobic facies.
3.5c Other Potential Source Rocks for Petroleum and Preservation of 
Organic Matter in General.
Although most articles that relate to paleoenvironments of organic 
matter-rich rocks are in favour of deposition under anoxic waters, 
alternative models are presented in some publications, as well as in the 
present study. Many of the published works have an emphasis on Mesozoic 
source rocks deposited in marine settings. These studies are especially 
relevant to the present work on Cretaceous Toolebuc Formation oil 
shales.
Rhoads and Morse (1971) studied Holocene fauna of the Black Sea and Gulf 
of California Basin. For these oxygen-depleted environments, they found 
that water that has less than 0.1 millilitre of oxygen per litre lacks 
metazoans and water that has 0.3-1.0 ml/1 supports a low diversity- 
assemblage of small, soft-bodied infauna; the diversity of fauna 
increases dramatically at values greater than 1.0 ml/1. They stated 
that most benthic invertebrates may have difficulty in secreting and 
retaining a calcareous test in anaerobic and dysaerobic waters.
Thiede and van Andel (1977) discussed the depositional environment of 
"anaerobic sediments" in the Late Mesozoic, south Atlantic Ocean.
54
They concluded that the Late Cretaceous, anoxic paleoenvironment for the 
area sampled, developed under the influence of a mid-water, oxygen 
minimum layer.
Ryan and Cita (1977) emphasised the need to differentiate between 
sediments rich in organic matter due to rapid burial of allochthonous 
material and sediments that contain autochthonous organic matter. They 
noted that organic matter preservation can be caused by high 
sedimentation rates or annihilation of animal life.
Didyk et al ♦ (1978) stressed the importance of anoxic conditions and 
sedimentation rates for preservation of organic matter. They suggested 
that high productivities may promote anoxicity and that the anaerobic 
water may occur in the middle parts of water columns.
Zeitzshel (1978) stated that the distribution of plankton is generally 
governed by physical processes but biological factors are important 
under certain conditions. He suggested that primary production of 
phytoplankton is dependent mainly on light, nutrients and hydrographic 
constraints. Zeitzshel (1978) also discussed the importance of settling 
rates and their controls on plankton preservation.
Tissot (1979) related the occurrence of organic matter-rich rocks to 
changes in sea level. The two major rises in sea level since the 
Cambrian (i.e. during the Cretaceous and Ordovician— Silurian) coincide 
with two maxima of phytoplankton abundance in sediments. He showed that 
transgression and consequent formation of epicontinental seas are 
important with regard to source rock deposition.
Arthur and Schlanger (1979) stated that deposition of finely laminated, 
organic matter-rich sediments during the Barremian to Albian was caused 
by an "oceanic anoxic event". For the rocks studied, the authors 
suggested that high organic carbon values are not directly related to 
sedimentation rate. They proposed that the two generally accepted 
models (i.e. restricted basin and expanded oxygen-minimum layer) can 
each be applied in different circumstances. They also suggested some 
possible mechanisms for causing decreases in oxygen availability in the
oceans.
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From comparisons of accumulation rates of organic carbon in various 
oceanic basins, Müller and Suess (1979) found that the fraction of 
primarily produced, organic carbon in sediments is universally related 
to bulk sedimentation rate. They proposed that organic carbon content 
in sediments doubles with each ten-fold increase in sedimentation rate.
Arthur (1979) listed various factors that control paleo-oceanographic 
'events'. His work shows the complexities involved for interpretations 
on organic matter distributions in marine and lacustrine environments. 
He stressed the importance of sea level changes and climate with regard 
to ocean levels, chemistry, fertility, productivity and circulation 
patterns. Arthur (1979) added that sea level and climate are related 
and both are affected by continental distribution and variations in 
seafloor spreading rates. He noted that oceanic paleotemperatures are 
broadly related to sea level and that organic matter-rich sediments were 
deposited mainly during high sea levels and warm periods.
According to Tissot et al. (1980), 'oceanic anoxic events' are caused by 
paleogeographies of the oceans that lead to sluggish circulation, warm 
equable climates and transgression. Transgression causes the formation 
of highly productive epicontinental seas and warm climates cause 
decreased oxygen levels in the ocean waters.
Demaison and Moore (1980) defined an anoxic environment as a mass of 
water depleted in oxygen (i.e. oxygen demand exceeds supply) such that 
virtually all aerobic activity has ceased . They suggested that four 
major anoxic settings exist: large anoxic lakes, silled basins, anoxic 
layers due to upwelling and open ocean anoxic layers.
For Kimmeridgian oil shales of the United Kingdom, Morris (1980) found 
ubiquitous remains of epifauna as well as infauna tolerant of low oxygen 
concentrations. He suggested that the rocks were deposited in an 
environment where anoxic conditions extended only up to the sediment 
surface.
Based on work on Cretaceous 'anoxic events', Jenkyns (1980) suggested 
that fertile marginal and epicontinental seas may be anoxic due to 
bacterial consumption of organic matter. He added that high global
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temperatures during the Cretaceous lowered the solubility of oxygen and 
therefore contributed to the formation of anaerobic waters. Jenkyns 
(1980) stated that anoxic— oxic boundaries may exist at or near 
sediment— water interfaces in some settings.
Curtis (1980) discussed diagenetic alteration in black shales. He 
suggested that bacterial action reduced the reactivity of organic 
compounds and that burial rates are important governing factors of 
diagenesis.
Arthur and Silva (1982) studied organic matter-rich strata in the 
Mediterranean Tethys region. They proposed that anoxic conditions are 
caused by expansion of oxygen-minimum zones. They were uncertain of the 
reasons for this expansion and of its relation to eustatic rises in sea 
level. They suggested that the "event" marks a rapid change in density 
structure of the water column, accompanied by a sudden overturn of 
intermediate to deep waters. Arthur and Silva (1982) found organic 
matter-rich sedimentary rocks at all inferred paleodepths and they 
therefore proposed an extensively anaerobic water column.
From studies on sedimentary rocks of the continental margin of northwest 
Africa, Dean and Gardner (1982) devised a model to explain redox cycles. 
They suggested that the cycles could be caused by postdepositional 
changes in oxygen demand within the sediments. These changes were 
largely in response to amount of organic matter input. They stated that 
anoxic conditions were frequent in the Middle Cretaceous because of warm 
conditions, the presence of extensive shallow inland seas and high 
organic productivity. Dean and Gardner (1982) emphasised that anoxic 
bottom conditions are commonly the result of high organic matter input 
rather than the cause of organic matter-rich strata.
Thiede et al. (1982) studied Middle Cretaceous sedimentary rocks from 
the central Pacific Ocean and found that neither an euxinic basin nor an 
extensive oxygen—minimum layer is required to explain the organic 
matter-rich strata. They suggested that Cretaceous 'anoxic' beds are 
preserved because of coincidence of several tectonic and oceanographic 
factors. These factors include warm climates, high eustatic sea levels, 
rapid spreading rates, volcanic events and high sedimentation rates.
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Habib (1982) studied sedimentary rocks of the north Atlantic, Lower 
Cretaceous and found that they were mainly characterised by an abundance 
of higher-plant organic matter with minor amounts of dinoflagellates and 
acritarchs. He agreed with Dean and Gardner (1982) and Curtis (1980) 
who stated that organic richness is primarily a function of types and 
rates of organic matter supply; he used palynological evidence to 
support his argument. Because of the abundance of higher-plant matter 
in the sections studied, Habib (1982) postulated that prograding deltaic 
systems supplied the majority of organic matter. He considered that 
expansion of neritic facies due to marine transgressions was responsible 
for considerable increases in marine productivity.
Waples (1983) presented an appraisal of anoxia and organic richness with 
an emphasis on the Cretaceous of the north Atlantic Ocean. He stated 
that accumulation of "anoxic" sedimentary rocks was mainly controlled by 
local conditions but global climatic and oceanographic factors were also 
important. He found that his evidence did not support global or 
ocean-wide anoxia. Waples (1983) suggested that some evidence indicates 
that enhanced biologic productivities were important local factors but 
he maintained that the early to late Cretaceous was generally not a 
highly productive time. He questioned the relevance of productivity as 
presented by Müller and Suess (1979), Habib (1982), Curtis (1980) and 
Dean and Gardner (1982), by stating that no clear correlations exist 
between productivity and preservation of organic matter in modern 
oceans. He also dismissed the importance of transgressions, as 
presented by Jenkyns (1980; i.e. contribution of abundant woody 
material to oceans during eustatic rises in sea level) but he did not 
consider the productivity of epeiric seas. In his summary, Waples 
(1983) stated that the Cretaceous south Atlantic was a small feature as 
compared with Holocene oceans. He also stated that expansion of the 
oxygen minimum layer in the middle Cretaceous provided the global or 
ocean-wide framework for "local anoxic events".
From studies on preservation of Holocene organic matter, Pelet (1983) 
found that the two most important factors controlling preservation are 
the amount of predepositional alteration in the water column and organic 
productivity. He suggested that anoxic sediments are a consequence 
rather that a cause of organic richness.
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Based on work on organic constituents and sedimentology of the 
Cretaceous Greenhorn Formation in Colorado, USA, Pratt (1984) suggested 
that these rocks were deposited at transgressive maxima under a 
stratified water column and anoxic bottom conditions.
Dean et al. (1984) studied Cretaceous, organic matter-rich rocks of the 
central Pacific Ocean and noted that several factors favourable for 
organic matter preservation existed during the mid—Cretaceous: warm 
global climates, high eustatic sea levels, high sedimentation rates and 
warm, saline waters. They also suggested that organic matter 
preservation depends upon a high rate of supply coupled with either 
rapid sedimentation rates or anoxic bottom waters.
Thompson et al. (1985) studied relationships between organisms and 
oxygen levels in environments offshore from California. They found that 
the zone having oxygen contents less than 0.1 ml/1 is characterised by a 
lack of macroinvertebrates and by deposition of laminated sediments. 
Sediments deposited at oxygen levels between 0.1 and 0.3 ml/1 are 
moderately disturbed due to soft-bodied infauna. At levels greater than 
0.3 ml/1, the sediments are homogenised. They also noted that organic 
carbon values are at a maximum in surficial sediments deposited near the 
boundaries of the dysaerobic zone; the oxygen levels at the boundaries 
are about 0.6-0.7 ml/1. Along these edges of the oxygen-minimum zone, 
benthic macrofauna are abundant and 'bacteria-like' mats occur along the 
upper boundary of this zone (i.e. at 400-500 m depth).
Powell (1986) presented a general discussion on the depositional 
settings of lacustrine source rocks. He commented on some Holocene 
settings as well as some ancient environments. Powell (1986) noted the 
importance of anoxicity but suggested that other contraints such as 
salinity and concentration of sulphates may also be controlling factors 
for preservation of organic matter.
Numerous papers in Brooks and Fleet (1987) involve discussions on the 
depositional environments for organic matter-rich rocks deposited in 
marine settings. From studies on organic matter-rich sediments of the 
South Atlantic Ocean, Stow (1987) suggested that the most important 
factors for the deposition are degree of bottom water oxygenation,
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volume of organic matter supply and sedimentation rate. As shown by 
other publications in the volume, the relative importance of these 
factors is contentious.
Based on work on various marine source rocks, Tyson (1987) suggested 
that bottom water oxygenation is the most important control. He 
proposed that anoxic bottom conditions were caused by paleogeographic 
features that restricted circulation and by warm equable climates, which 
promoted water stratification and oxygen depletion. According to Tyson 
(1987), the most important effect of the anoxia is restriction of 
macrobenthonic activity.
Largely from studies of Cretaceous marine source rocks, Zimmerman et al♦ 
(1987), Summerhayes (1987) and De Graciansky et al. (1987) advocated 
that ocean-wide 'anoxic events' were responsible for deposition of most 
of the organic matter-rich sediments. Their supporting evidence 
includes the widespread deposition of organic matter-rich, laminated 
sediments during the Cretaceous. According to these authors, the causes 
of the event include climate, restricted circulation and consequent 
water stratification.
Hallam (1987) also favoured anoxic bottom waters to account for organic 
preservation in Mesozoic sediments. His work was concentrated on 
ancient epeiric seas, which included the Posidonia Sea. He mostly 
agreed with the depositional models of Demaison and Moore (1980) and 
added that water circulation in epeiric seas may have been restricted 
due to the hydrologic regime promoted by large lateral extents and low 
water levels.
Bralower and Thierstein (1987) studied organic matter accumulation in 
Holocene and Cretaceous sediments and proposed that processes related to 
the transportation of organic matter controls its distribution; the 
dominant process is anoxia. They suggested that accumulation of 
Holocene organic matter in the oceans is mainly controlled by 
sedimentation rate but that other factors were important in the
mid-Cretaceous.
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Funnel (1987) also believed that anoxic bottom conditions are important 
for organic matter preservation but he disagreed with the existence of 
'anoxic events'. Funnel (1987) preferred to relate anoxic conditions to 
local geographical and oceanographical constraints rather than temporal 
ones.
Calvert (1987) advocated that primary production is the most influential 
factor for accumulation of organic matter in sediments. He found that 
Recent sediments deposited under anaerobic conditions in the Black Sea 
contain at most 5% by weight organic carbon. From studies on similar 
sediments at similar depths in two fjords, he found that the sediments 
deposited under anoxic conditions had slightly less organic carbon than 
those deposited under oxic conditions. Calvert (1987) also stated that 
oxygen contents of bottom waters and amount of preserved organic matter 
are commonly not related and that in the Mediterranean Sea, a lack of 
oxygen is caused by a high input of organic matter.
From studies on extant depositional environments, Henrichs and Reeburgh 
(1987) found a lack of definitive evidence for a special role of anoxia 
in preservation of organic matter in sediments. They stated that the 
efficiency of organic matter burial is related to bulk sedimentation 
rate and that the key variable may be organic flux. Henrichs and 
Reeburgh (1987) suggested that anaerobic decomposition takes place at 
rates comparable to oxic decomposition.
Various aspects of the processes involved for deposition of organic 
matter were discussed by Hue (1988). He found that the distribution of 
organic matter deposited in sediments of the Black Sea is not simply 
related to anoxicity nor to productivity. Hue (1988) concluded that 
sedimentary transport is an important controlling factor. He stated 
that truly stagnant conditions are not likely to occur even if water 
columns are stratified.
In an introductory paper on depositional environments of lacustrine 
source rocks, Kelts (1988) discussed numerous constraints including 
geochemistry of the waters, organic productivity, paleoclimates, 
transportation processes and preservation of organic matter. He 
suggested that bioturbation is a key factor for microbial degradation
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and consequently, organic matter preservation. Kelts (1988) stated that 
hypersaline and penesaline alkaline environments are not conducive to 
survival of benthos. He concluded that the optimum settings for 
deposition of lacustrine source rocks may be large, deep, mesosaline, 
alkaline, closed tectonic basins in subtropical climates.
For deposition of organic matter-rich, lacustrine rocks of the Newark 
Supergroup in Virginia, USA, Gore (1988) favoured deposition in a 
meromictic or oligomictic lake, which had anoxic bottom waters. Largely 
based on sedimentological data, he suggested that the water ranged from 
fresh to saline.
Mainly from studies on organic geochemistry, Duncan and Hamilton (1988) 
suggested that Devonian, organic matter-rich, lacustrine rocks of the 
Orcadian Basin in Scotland were deposited under anoxic waters of a deep, 
stratified lake. They proposed that the lake was saline to brackish and 
that most of the organic matter originated from algal lipids and 
cyanobacteria.
Mello et al. (1989) studied Cretaceous, organic matter-rich sediments of
the Brazilian continental margin and proposed that the rocks were 
deposited where an expanded oxygen-minimum zone extended onto the shelf. 
High productivities or sluggish circulation or both may have caused the 
expansions which were generally short lived and occurred during high sea 
levels.
3.7 Modern Analogues
Numerous papers published on extant depositional systems are relevant to 
paleoenvironment models for oil shales.
In 1969, Bradley and Beard studied the algae and "alkaline brown water" 
of Mud Lake, Florida. The lake had a depth of 45-85 cm and contains 
algae-rich sediments. They suggested that it could be a modern analogue 
for deposition of some oil shales.
Ludlam (1969) studied laminated sediments of Fayetteville Green Lake, 
New York. He found that stratified sediments were restricted to areas
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where the water was deeper than the chemocline, which exists at 18-20 m 
depth. He suggested that the rate of accumulation of organic matter and 
detrital minerals were probably constant and that variation in carbonate 
precipitation was probably the governing factor for deposition of 
varves. Some sediments of the lake have been disturbed by overturn 
currents and bioturbation and Ludlam (1969) proposed that a substantial 
sedimentation rate could lead to preservation of laminae.
Degens and Stoffers (1976) used East African rift lakes and the Black 
Sea as type examples for a discussion of carbonate precipitation and 
dissolution in stratified water environments. They suggested that all 
transitions between fully oxygenated and anoxic seas are conceivable 
because of climatic variations, tectonism and erosion.
Hardie et al ♦ (1978) presented a comprehensive discussion on 
sedimentology of saline lakes. They included sections on hydrological 
regimes, water chemistry, biological aspects and some modern examples. 
These workers suggested that the blue-green algal mats and coccoid ooze 
that accumulate at the bottoms of many saline lakes may be analogous to 
the source of organic matter in the Green River Formation.
Bubela (1980) constructed an artificial sedimentary environment and 
related algal growth to water chemistry and bacterial activity. When 
the salinity reached 4-5%, an algal mat developed on the sediment 
surface and the mat created an effective boundary between aerobic and 
anaerobic environments.
Bauld (1981) studied geobiological roles of cyanobacterial mats in 
sedimentary environments. He found that Holocene cyanobacteria 
generally exist in severe environments, with regard to temperature, 
hydrologic regime or salinity, and that they also exist in a wide 
variety of other environments. Bauld (1981) stated that the 
preservation potential of the mats is governed by mat structure and the 
physico-chemical environment. The model he proposed for preservation of 
a cyanobacterial mat involved a shallow, saline lake which occurred in 
an arid to semi-arid basin and suffered fluctuations in salinity. 
According to Bauld (1981) preservation is at a maximum if productive 
periods are followed by rapid increases in salinity followed or 
accompanied by burial under flood-borne sediments.
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The stratigraphy and paleobotany of Lake George, NSW, Australia was 
studied by Singh et al. (1981). In the present study, this lake is used 
as a modern analogue for lacustrine oil shale deposition largely because 
of its highly variable water levels and the presence of Botrvococcus and 
Pediastrum.
Burne and Ferguson (1983) considered that Lake Eliza, South Australia, 
is comparable to the lake that deposited the Wilkins Peak Member of the 
Green River Formation. Lake Eliza is a hypersaline coastal lake that 
has no connection with the sea and is primarily fed by groundwaters. 
They regarded deposition in Lake Eliza as intermediate between that in 
playa and permanently filled lakes.
A generalised discussion on lake sedimentology was given by Hakanson and 
Jansson (1983). In their book, they described lake types, sediment 
types, organic compounds and the various flora and fauna present in 
lakes. These workers found that lake sediments may be laminated because 
of anoxic conditions, fluctuations in bioturbation or fluctuations in 
sedimentation rates.
From studies on extant and ancient rift lakes, Robbins (1983) related 
tectonism to hydrological, sedimentological, chemical and biological 
factors. She stressed the importance of anoxic— oxic boundaries with 
regard to accumulation of organic matter and uranium precipitation.
Dickman (1985) studied the meromictic Lake Crawford in Ontario, Canada 
and found a dense population of photosynthetic bacteria living at the 
chemocline. Mass mortality of these bacteria occurs during ventilation 
of the interface.
Talbot (1988) discussed three basic models for deposition of lacustrine 
source rocks: playa lakes, deep anoxic lakes and ephemeral lakes. He 
gave examples of modern analogues for each model. From his studies on 
rift lakes in Africa, Talbot (1988) suggested that permanent water 
stratification is favourable but not essential for deposition of organic 
matter-rich sediments. He proposed that Lake Victoria, which has 
organic matter-rich sediments and annual mixing, is an appropriate
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modern analogue for ancient Lake Gosiute during deposition of the Green 
River Formation oil shales.
Oremland et al. (1988) described the limnology of Big Soda Lake in 
Nevada, USA. Hydrology, organic fluxes, microbiology and organic 
geochemistry of this small, meromictic lake were discussed in detail. 
They suggested that abundant organic matter is preserved in the 
sediments because of the reducing bottom conditions and that Big Soda 
Lake is a modern analogue for lacustrine source rock deposition.
Using large Australian lakes as a basis, De Deckker (1988) discussed the 
deposition of organic matter and metallic minerals in lacustrine 
systems. He suggested that high salinities may hinder phytoplankton 
productivity but that they may also promote algal blooms. De Deckker 
(1988) stated that cyanobacterial mats prefer ephemeral conditions and 
that they can survive aerial exposure.
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3.8 Elemental Analysis of Organic Hatter 
3.8a Sample Preparation
Sample preparation techniques have been researched by various workers 
and most agree that demineralisation by successive acid digestions is 
generally the most satisfactory method for organic matter isolation.
Forsman and Hunt (1958) treated their rocks with hydrochloric acid (HC1) 
followed by hot hydrofluoric acid (HF) and cold HF. They discussed the 
problems associated with dissolution of zircon, pyrite and complex 
fluorides formed during HF treatment. For pyrite removal, they used 
either HCl-Zn digestion or heavy liquid separation. For fluoride 
removal, they used hot HCl-Zn or aqueous alkali digestions. The 
techniques employed were varied to some degree depending on rock type.
Forsman (1963) discussed the objectives of demineralisation and 
emphasised sufficient, representative organic matter recovery and a lack 
of organic alteration. He stressed the importance of using HC1 first, 
followed by washing to remove calcium ions which otherwise form 
insoluble calcium acid fluorides. Forsman (1963) stated that nitric 
acid treatment should be avoided because of possible alteration of 
organic matter and noted that organic matter is only slightly altered 
where his method is employed. In the present study, weaker acids were 
used than those of most other authors, including Forsman (1963). This 
technique leads to minimum alteration of organic matter.
Robinson (1969) stated that an ideal separation technique would remove 
all mineral matter without alteration or fractionation of organic matter 
but that no ideal method had yet been developed. He briefly described 
the Quass method, which is a technique based on differential wetting of 
organic and inorganic components by two immiscible liquids. Robinson 
(1969) stated that this method is commonly inefficient and organic 
matter may be fractionated. He also described sink—float methods and 
noted that some organic matter is commonly lost or fractionated where 
this technique is employed. Acid digestion techniques were also 
described and he suggested that this method was efficient and rapid and
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that fractionation is only slight. He noted that acids may alter 
organic matter, especially where pyrite dissolution is attempted.
From studies on organic matter in some metal ore deposits, Saxby (1970) 
found that physical separation techniques rarely led to complete 
separation and quantitative organic matter recovery. He presented 
chemical reaction equations for the dissolution of various minerals. 
Saxby (1970) stated that HC1 may dissolve small amounts of organic 
matter, decrease nitrogen percentages and add chlorine. He noted that 
HF may add fluorine and suggested that fine-grinding may cause oxidation 
of organic matter. He presented some valuable data on comparative 
elemental analyses of a suite of kerogens prepared by a variety of 
techniques. A table of effects of the various demineralisation agents 
on common functional groups was also presented.
Saxby (1976) discussed advantages and disadvantages of the use of 
physical methods to isolate organic matter. From his presentation of 
elemental data on samples at various stages of isolation, information on 
loss and alteration of organic matter with successive digestions was 
given. Saxby (1976) calculated oxygen by difference and therefore 
oxygen determinations are subject to considerable error. From the 
samples studied, he found that only small amounts of organic matter was 
solubilised by HCl and that HF had little effect on elemental 
composition of the organic matter.
Durand and Nicaise (1980) stated that an ideal method for kerogen 
isolation does not exist. Physical separation processes (e.g. 
floatation, ultrasonic, electromagnetic and electrostatic methods) are 
time consuming, costly and seldom yield a representative sample. The 
major limitations of acid digestions are that all minerals will not be 
dissolved, insoluble fluorides may be formed and some minerals are 
commonly protected by an envelope of organic matter. They suggested 
some solutions to these problems. In their discussion on the effects of 
reagents on organic matter, they suggested that hydrolysation is 
generally low at maturities greater than lignite stage. They also 
described the demineralisation procedure used at Institut Français du
Pétrole.
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All the authors mentioned above use solvent extraction of organic matter 
prior to elemental analysis and therefore refer to the isolated organic 
matter as kerogen. Use of this term has created numerous problems.
Various definitions of "kerogen" have been employed but the generally 
accepted, present usage is 'insoluble organic matter'. The meaning of 
this term therefore depends on the types of solvents used prior to, and 
during extraction. Some workers have added to the confusion by
referring to total organic matter in rocks as kerogen.
Cook et al. (1981) presented an overview of organic matter isolation by
demineralisation and included a review of some problems and solutions.
In a confidential study that involved estimation of organic matter 
content of whole-rock and demineralised samples, the vitrinite to 
inertinite ratios remained constant but the vitrinite to liptinite 
ratios increased, as a result of demineralisation (Cook, A., pers.
comm., 1984). This effect is probably caused by a loss of small
liptinite particles during washing of the samples. The low specific 
gravity of liptinite, together with its high surface area to volume 
ratio renders it to selective loss (Cook, A., pers. comm., 1984).
In a report on the influence of 'kerogen' isolation and composition of 
organic matter from the Woodford Shale, a subcommittee of The Society of 
Organic Petrologists (1989) found that the oxygen indices from Rock-Eval 
generally increased after demineralisation. The laboratories included 
in the survey used HF in higher concentrations than that used in the 
present study.
In a report on effects of demineralisation, a working group of the
International Committee for Coal Petrology (1990) found that the
isolation procedures did not affect Rtt considerably but that theV,max 2
fluorescence spectra were shifted to shorter wavelengths.
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3.8b Elemental Analysis
The analytical system used for element determinations in the present 
study is similar to that used by Culmo (1968; 1969).
Forsman and Hunt (1958) supplied elemental data for a suite of oil 
shales and other organic matter-rich rocks, which included samples of 
Green River Formation and Kimmeridge Clay. They presented their results 
in a C— H— 0 ternary diagram and concluded that two types of organic 
matter are generally present in marine rocks.
Forsman (1963) suggested that residual mineral matter is the most 
important source of error for elemental analyses, especially where 
oxygen is determined by difference. He presented a table of elemental 
data (mostly from literature) and commented on the consistency of atomic 
carbon to nitrogen ratios. Forsman (1963) used a C— H— 0 ternary 
diagram for graphical representation and found that some marine rocks 
plot in the 'coal band'. Analyses of other marine rocks for the present 
study indicates that the samples of Forsman (1963) were probably rich in 
bituminite.
The Standards Association of Australia (SAA, 1971) outlined some methods 
used for ultimate analysis of coal. The standard methods discussed have 
some limitations because oxygen determination is by difference. The 
interlaboratory and intralaboratory tolerances for C, H, N and S were 
given by SAA (1971; see Chapter 8).
Compositional variations of organic matter from the Green River 
Formation were studied by Robinson and Cook (1971). They analysed a 
suite of 60 samples from a drillhole in Colorado. The analyses included 
extraction, fractionation of extracts, elemental composition, volatile 
matter, carbon residue, oxidation rates, oil assays and infrared 
studies. They found that the abundance of extractable organic matter 
remains constant with depth and they therefore favoured a 
syndepositional origin. Robinson and Cook (1971) presented a table of 
atomic hydrogen to carbon ratios for the insoluble organic matter, from 
the section studied.
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Tissot et al. (1974) used van Krevelen plots of kerogen elemental 
analyses for determination of oil and gas generation potential as well 
as for classification. They grouped kerogen into three types. Type I 
has high atomic H/C values and low 0/C values. It is therefore 
dominantly aliphatic and is generally considered to have a high 
potential to generate oil. Type III kerogen is more aromatic and 
therefore has low H/C values and high 0/C values. Tissot et al. (1974) 
stated that most kerogens plot between these two types and are termed 
type II. In this classification scheme, an organic matter assemblage is 
characterised according to its average composition. The 'types' should 
be mainly regarded as organic matter assemblages rather than definitive 
forms of organic matter. Delineation of three specific evolution paths 
to represent a plethora of possible atomic H/C— 0/C values (see 
Figure 5) has serious limitations. Because of the effects of mixed 
maceral assemblages on elemental composition and because of variations 
in chemical composition of a single organic matter type, petrographic 
studies greatly aid in interpretation of elemental analyses. In the use 
of this approach, the chemical data may be correlated with the 
comprehensive maceral nomenclature system.
Combaz (1975) used elemental analyses to support his genetic 
classification of organic matter. He commented on the aliphatic nature 
of liptinites and their consequent high oil yields. He plotted his data 
on a van Krevelen diagram and divided the plot into "carbonites, 
lignohumites, liptobiolites, sapropelites and bitumites".
Saxby (1976) discussed elemental characterisation of kerogen. He noted 
that reliability decreases with increases in mineral contents and he 
plotted his results on van Krevelen diagrams. From elemental analyses, 
he derived an empirical chemical formula for kerogen. The usefulness of 
this formula is limited because of the heterogeneity of organic matter.
Dow (1977) discussed some elemental analyses of organic matter and made 
some geochemical interpretations. He presented a diagram that relates 
mean maximum vitrinite reflectance to atomic H/C for various types of 
organic matter. He divided organic matter into "humic, liptinitic and 
oil shale kerogens" and showed each type as a line on this plot. These 
three designations of organic matter types, should each have highly
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variable compositions and therefore would be better represented as 
'bands' rather than lines.
Given and Yarzab (1978) presented a well-researched publication on 
analytical problems posed by the presence of minerals in coals. They 
stated two major types of interference: diluent effects and
participation effects. They gave the behaviours of various minerals on 
heating and discussed their effects on organic matter analyses. They 
also gave formulae for corrections to elemental results according to the 
minerals present. These formulae may be applied to demineralised oil 
shales that contain residual minerals.
Tissot and Welte (1978; 1984) presented elemental analyses of some
selected kerogens and used types I, II and III for their classification. 
They gave detailed descriptions of the three 'types' of kerogen and 
included their probable origins. Tissot and Welte (1978; 1984)
suggested that type I originates from algal material and biodegradation 
of other organic matter, type II originates from zooplankton, 
phytoplankton and bacteria and type III mostly originates from 
continental plants. They discussed the maturation of kerogens in 
detail.
Hunt (1979) described the elemental composition of liptinite macerals. 
He divided kerogen into types I, II and III and presented general ranges 
of atomic H/C and O/C for various macerals. According to Hunt (1979), 
elemental composition is controlled by source material, diagenesis and 
thermal alteration.
Saxby (1980a) discussed elemental analyses in relation to potential to 
generate hydrocarbons. He derived an equation based on H/C and O/C 
values to determine oil yield from a dry sample: 
weight percentage oil = 66.7 (H/C) - 57.0 (O/C) - 33.3.
Saxby (1980b) gave a brief introduction to the chemistry of organic 
matter and presented elemental compositions of organic matter from a 
Green River Formation oil shale and four Australian oil shales. He 
additionally provided H/C and O/C values for twelve different oil shale
samples.
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Stephens (1979a, b) discussed the use of atomic C— H— 0 ternary diagrams 
for presentation of elemental data on coals. In 1979a, he related 
C— H— O composition to structural entities in vitrinite and to 
maturation reactions. In 1979b, he gave a historical perspective of the 
representation of elemental data and listed some advantages of the 
ternary diagram over some other techniques. These advantages include, 
that maturation paths may be represented and interpretation of chemical 
structures are facilitated.
Hutton et al. (1980) discussed the chemistry of organic matter from oil 
shales. They presented some elemental data in the form of a van 
Krevelen plot and used the classification system of Tissot et al. 
(1974). They suggested that type I kerogen comprises mostly alginite A 
and B. From a more extensive data base, the present work indicates that 
alginite B (lamalginite) largely plots as type II. Hutton et al♦ (1980) 
suggested that organic matter from the Toolebuc Formation plots as type 
II due to organic matter contributions from higher-plants whereas the 
current work indicates that it is due to the presence of bituminite.
One of the most thorough discussions of elemental analysis of kerogens 
is by Durand and Monin (1980). They described the analytical procedures 
commonly used for the various elements and discussed problems associated 
with water content, heterogeneity, incomplete reactions and residual 
mineral content. They discussed data processing with an emphasis on the 
use of van Krevelen diagrams. Durand and Monin (1980) divided kerogens 
into types I, II and III, and discussed differences between the types. 
They used organic matter from the Green River Formation as a paradigm 
for type I kerogen. The present study indicates that the Green River 
Formation contains lamalginite, bitumen and vitrinite; elemental 
composition varies according to the maceral composition. A similar 
limitation applies to their use of the organic matter from the 
Posidonienschiefer as a type example of type II. The H/C and O/C values 
for organic matter from the Posidonienschiefer depends upon the amounts 
of telalginite, lamalginite, bituminite and micrinite. Durand and Monin 
(1980) also described the maturation of kerogens as exemplified on a van 
Krevelen diagram.
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Cook et al. (1981) developed a comprehensive classification for 
elemental data of organic matter from oil shales by relating maceral 
composition to plots on van Krevelen diagrams. They used data from 
various studies and divided the diagrams into zones according to oil 
shale types. They discussed processing of elemental data and 
interpretations. Cook et al. (1981) stated that elemental composition 
is controlled by precursor material, environment of deposition, 
diagenesis, maturation and weathering (if present); some 
interpretations on these factors can therefore be made from elemental 
data. They described how each factor controls elemental composition and 
discussed the potential of various types of organic matter to generate 
oil.
Lindner (1983) published numerous elemental data of organic matter from 
a variety of oil shales from eastern Queensland. He used a van Krevelen 
diagram and the 'three-type' classification to categorise the kerogens. 
Most of the data plot between types I and II; much of the variation in 
elemental composition is probably due to variable contents of vitrinite.
In a paper on recent advances in petroleum geochemistry, Tissot (1984) 
stated that representation of elemental analyses on van Krevelen 
diagrams was still the most reliable method for characterising the 
nature of organic matter. He suggested that type I kerogen has 
lacustrine origins and type II kerogen has marine origins. The present 
study indicates that organic matter deposited in lacustrine or marine 
settings has wider ranges in H/C— O/C values than those designated by 
the 'kerogen types'. Tissot (1984) related H/C— O/C data to Rock-Eval 
studies and petrographic information, in general terms.
van Krevelen (1984) presented a review on the general advances made in 
organic geochemistry and included a discussion on the positive 
attributes of H/C— O/C diagrams for representation of elemental data. 
These attributes include that meaningful, dimensionless coordinates are 
employed, simple reactions may be designated by straight lines and 
insights into chemical structures are easily ascertained.
In a general discussion on the chemistry and evolution of organic 
matter, Barnes et al. (1984) described some of the basic characteristics
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of type I, II and III kerogens. They discussed in detail the processes 
involved in diagenesis and maturation and concluded that lipid-rich 
components alter only slightly during diagenesis unless extremely 
oxidising conditions prevail.
Boreham and Powell (1984; 1987) studied various aspects of the organic 
geochemistry of Toolebuc Formation oil shales. They included pyrolysis 
and elemental analyses in their work. They plotted the elemental 
results on van Krevelen diagrams labelled according to the three kerogen 
'types'. Most of the samples plot between types II and III. In 1984, 
they suggested that some kerogen from lateral equivalents of the 
Toolebuc Formation plot as type III and therefore have a terrestrial 
influence. The present study indicates that micrinitisation of 
bituminite may also cause the decreased H/C and increased 0/C values and 
that the H/C— 0/C plots of this type of organic matter are not 
necessarily an accurate guide to the significance of terrestrial 
influence.
Methods for elemental analyses of humic substances were described by 
Huffman and Stuber (1985). They described some of the uses of elemental 
data and discussed constraints on the results due to sample preparation 
and the analysis. They also gave the results of some inter laboratory 
comparisons and found that moisture retention in samples is a source of 
considerable error.
Saxby and Shibaoka (1986) presented a van Krevelen diagram divided 
according to oil yield for organic matter from coals. They found that, 
in general, liptinite may generate about 80% by weight of oil and 
vitrinite may generate 6-10%.
The elemental composition of organic matter from the Toolebuc Formation 
was studied by Saxby (1986). As evidenced by intermediate atomic H/C 
values (i.e. 0.9-1.3), he suggested that the organic matter is about 60% 
aromatic; the aromatic compounds largely are thermally stable and 
produce a char upon retorting.
From studies on organic matter and oils of the Monterey Formation, Orr 
(1986) found that sulphur contents of the kerogens have important
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effects on the release of oils and on the characteristics of the oils. 
He suggested that high-sulphur kerogens result from a depositional 
environment where sulphate is abundant, anoxic conditions are prevalent 
and reactive iron content is low.
Robl et al. (1987) studied the petrography and elemental compositions of 
organic matter from some Devonian marine oil shales of the USA. They 
separated the macérais by density fractionation and found that alginite 
(the lightest fraction) plotted as type I kerogen and that bituminite 
(second lightest fraction), vitrinite and inertinite (heaviest 
fractions) plotted as type II kerogen. They noted that bituminite has 
the highest nitrogen contents of the macérais analysed.
Elemental compositions, pyrolysis characteristics and petrography of 
Duaringa oil shales from Queensland, Australia were discussed by Boreham 
et al. (1988). On the basis of atomic H/C values, they classified the 
organic matter as 'type I-II kerogen'. They found that most variability 
in the van Krevelen plot is accounted by the atomic 0/C values. The 
variation in 0/C was attributed to oxidation of the precursor organic 
matter.
3.9 Rock-Eval Analysis
Numerous articles have been published on pyrolysis studies of oil shales 
and other potential source rocks for petroleum. As mentioned above, 
some of the publications on elemental analysis of organic matter also 
have sections on pyrolysis studies.
Bordenave et al ♦ (1970) used high-temperature and low-temperature 
pyrolyses of demineralised rocks to determine genesis and rank. If the 
low—temperature pyrolysis yielded hydrocarbons rich in aromatic 
structures, they classed the organic matter as continental and if the 
products were more aliphatic dominated, they designated it as marine. 
They used ratios of the amount of volatile carbon produced during 
high—temperature pyrolysis to the amount of total carbon for rank 
determinations. Gransch and Eisma (1970) employed ratios of the amounts 
of residual carbon to total carbon for maturation assessment of 
demineralised rocks. The main problem in employment of these
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methodologies is that rank as well as type determine the results and 
that volatile matter yield is a poor measure of maturity for low rank 
samples (Jones et al., 1984).
Barker (1974) monitored the release of hydrocarbons with programmed 
temperature increases for whole—rock samples. He found two peaks of 
maximum hydrocarbon release. The first peak (at a lower temperature) 
derives from free hydrocarbons and he termed these, "generated" 
hydrocarbons. The second peak originates from destructive distillation 
of the preserved organic matter. Barker (1974) stated that this peak 
indicates potential of the sample to generate hydrocarbons. He also 
stated that the temperature of maximum hydrocarbon generation gives an 
indication of rank. This temperature is however also dependent on 
organic matter type.
The Rock-Eval (R-E) system was developed at the Institut Français du
Pétrole and the first publication about it was by Espitalié et_al.
(1977). Rock-Eval is presently accepted as a standard method of 
pyrolysis. Tissot and Welte (1978; 1984) described the configuration 
of R-E equipment and briefly described interpretation of the data.
From studies on the effects of oil and bitumen on pyrolysis of some 
potential source rocks for petroleum, Clementz (1978) found that some 
'heavy oils' and some bitumens, such as those of the Green River 
Formation, may contribute to the peak.
The influence of minerals on pyrolysis of organic matter was studied by 
Espitalié et al. (1980) and Horsfield and Douglas (1980). Horsfield and 
Douglas (1980) demonstrated that the composition of pyrolysates of 
'kerogen' and coal may vary with the presence of minerals and suggested 
that pyrolysis data from organic matter cannot be directly compared with 
those of whole-rock samples. Espitalié et al. (1980) compared 
hydrocarbon yields of whole-rock samples with those of demineralised 
samples. They found that hydrocarbon yield is commonly lower for the 
whole—rocks and suggested that this is because heavier hydrocarbon 
fractions are preferentially retained on mineral grain surfaces.
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Orr (1983) presented a general discussion on analysis of source rocks by 
pyrolysis. He described the techniques involved, data treatment, 
effects of minerals, effects of bitumen and relationships to elemental 
analysis. He presented his pyrolysis yields as "FID-detectable carbon" 
rather than as hydrocarbons. He did this because of the assumptions on 
hydrocarbon composition that must be made for a standardisation into 
'hydrocarbon units'. Orr (1983) found that FID-detectable carbon and 
hydrogen indices (amount of hydrocarbons per units of organic C) are 
largely predictable from atomic H/C and 0/C values.
In 1983, Katz illustrated some of the limitations of the use of 
Rock—Eval analyses for organic matter typing. He found that variations 
in the amounts and types of minerals present affect hydrocarbon and 
carbon dioxide yields and therefore hydrogen indices and oxygen indices 
(amount of CO^ produced per unit of organic C).
Pyrolysis was used by Tissot and Vandenbroucke (1983) to study a suite 
of oil shales. They stated that type I organic matter has higher Tmax
values than other organic types and that it generates about 60% oil by 
weight.
Gormly and Mukhopadhyay (1983) presented some valuable information on
hydrocarbon yields of a suite of oil shales and other rocks. They
carried out petrographic and Rock-Eval analyses on the samples and found
that bituminite was transformed into micrinite during pyrolysis and most
"particulate liptinites and alginite" were converted to
"inertodetrinite". They presented data on organic carbon, hydrogen
index, R and maceral composition of various oil shales.V,max
From studies on some coals, Teichmuller and Durand (1983) made some 
correlations of Rock-Eval data with some other data. This work is of 
particular relevance to the present study because they used elemental, 
petrographic and pyrolysis techniques in conjunction. They presented a 
graph of oxygen indices, in milligrams of CC>2 per gram of organic C, 
versus atomic O/C values. A nonlinear correlation exists between these 
two variates. They stated that hydrogen indices, in milligrams of 
hydrocarbons per gram of organic C, and H/C values are poorly correlated 
because of the interaction of high oxygen contents with hydrocarbon
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yield. Teichmuller and Durand (1983) also discussed the influence of 
petrographic composition on T ^ (temperature of maximum hydrocarbon 
yield) and the potential of coals to produce oil.
Nuttal et al ♦ (1983) carried out pyrolysis studies on samples from 
numerous oil shale deposits. All samples studied except for one, plot 
either as type I or between types I and II.
From work on the effects of mineral matrices on pyrolysis of organic 
matter, Espitalie et al. (1984) determined that minerals affect the 
amounts and types of oils produced.
Pyrolysis and petrographic characteristics of a suite of coals were 
studied by Bertrand (1984). He found that hydrogen index and atomic H/C 
were not correlated, partly due to complicating factors of other 
elements, especially oxygen. He also found that hydrogen index and 
percentage of liptinite were not correlated. Failure to consider the 
type of liptinite and other macerals present could partially account for 
the lack of a relationship.
Horsfield (1984) discussed the general uses of pyrolysis studies in 
source rock evaluation. He described the various methodologies, 
applications and limitations. He discussed the effects of organic type 
on T and he supported the employment of both petrographic and 
geochemical methods. Horsfield (1984) suggested that the 'three- or 
four-type' system of organic matter classification is too simple and 
that the maceral system is too complex; he proposed a classification 
that involves the 'types', integrated with a single subscript based on 
the dominant origin of the organic matter. The problems caused by mixed 
maceral assemblages remains in this classification system because only 
one subscript is employed for each category (e.g. type la for algal 
matter-dominated). In the present study, a similar approach is used but 
the 'type system' is not employed and maceral mixtures are considered.
Peters (1986) also studied the evaluation of source rocks with pyrolysis 
techniques. He discussed methods, applications and guidelines for 
interpretation. For studies that involve critical interpretations or
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organic typing, he recommended the use of other geochemical techniques 
and petrography in conjunction with pyrolysis work.
From studies on about 100 low-rank coals and carbonaceous shales, Powell 
et al. (1989) found poor bivariate correlations between atomic H/C with 
liptinite percentage and between amount of normal hydrocarbons from 
flash pyrolysis with liptinite percentage. They also found poorly 
defined relationships between hydrogen index with atomic H/C and yield 
of normal hydrocarbons with atomic H/C. Covariation of other variables 
would complicate these bivariate relationships. The limitations of the 
various analytical techniques could also contribute to the lack of 
correlations. Subsequent studies by Powell et al. (1991) yielded more 
defined relationships where correlations were made with macerals rather 
than maceral groups.
3.10 Statistical Analysis
The published works on statistical analyses relevant to the present 
study pertain to three main areas: general texts on employment of
statistical methods in research, the problems of closed data systems and 
case studies related to the present work.
3.10a General
Of the numerous published works on the general use of statistical 
techniques, some are extensively referred to in the present study.
Davis (1973) wrote an authoritative text on statistics and data analysis 
in relation to geological problems. Basic statistical theory was 
presented along with information on various multivariate techniques, 
including cluster analysis (CA), principal components analysis (PCA) and 
discriminant functional analysis (DFA). He gave examples of the various 
techniques used for geological data and discussed the effects of 
standardising data.
Nie et al. (1975) presented thorough discussions on statistical 
techniques available in the Statistical Package for Social Scientists 
(SPSS). They described theoretical and practical aspects of the methods
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and included some examples of analyses. The chapters on PCA, CA and DFA 
are especially relevant to the present work.
The general use of multivariate statistics was also discussed by 
Tabachnick and Fidell (1983). Their comprehensive text is especially 
thorough with regard to the assumptions involved with multivariate 
techniques. They described some strategies employed for a multivariate 
statistical study and included tests for violation of assumptions and 
the appropriate conditioning of data. In the chapters on PCA, CA and 
DFA, they presented sections on objectives, analytical models, 
limitations, evaluations and interpretations. Some of their discussions 
were oriented towards the methods of SPSS.
An updated text on SPSS procedures was given by Norusis (1985). This 
work is mainly oriented towards practical aspects. Much of the text of 
the chapters on PCA, CA and DFA relates to examples of analytical 
programs. The steps and options involved in typical analyses were 
elucidated and the validity and meaning of the analyses were discussed.
3.10b Statistical Analysis of 'Constant-sum' Data
Numerous articles have been published on the problems of analyses of 
'closed' data systems but few have offered acceptable solutions. In the 
present study, the works of Aitchison (1983; 1984a; 1984b; 1986) are 
instrumental in treatment of the problem.
In 1983, Aitchison discussed principal components analysis of 
compositional data. He illustrated the constraints of constant-sum data 
and questioned the relevance of orthogonal (unrelated) principal 
components to data sets that have inherent, induced correlations. After 
discussion of some previous approaches to the problem, he proposed a 
'log ratio transformation' of data to relieve the constraints (see 
Chapter 8).
Aitchison (1984a) presented a paper on general statistical evaluation of 
geochemical data. He placed the problems of 'closed' data into context 
by initially discussing typical objectives of statistical studies. He
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again pointed to the merits of log ratio transformation to deal with the 
difficulties presented by compositional data.
The use of log ratio transformations in relation to reduction of 
dimensionality of compositional data was discussed by Aitchison (1984b). 
He commented on PCA as well as on assessment of the effectiveness of 
subcompositional analysis. Aitchison (1984b) also described some 
limitations of the transformation such as failure to accommodate 'zero' 
quantities.
Aitchison (1986) published a book on the statistical analysis of 
compositional data. He provided detailed discussions on the 
mathematical considerations of his method for the treatment of closed 
data systems. He also discussed partial analysis, subcompositions, 
ternary diagrams and classification of items based on compositional 
data.
This book was reviewed by Woronow (1987), who stated that Aitchison 
(1986) had solved some of the fundamental problems of closed data. He 
added that conceptions of correlations, interactions and statistical 
hypotheses need to be altered for the use of 'log ratio variables'. 
Woronow (1987) suggested that other workers employ Aitchison's method 
such that further insights may be gained.
3.10c Case Studies
Few if any published works exist on multivariate analyses of geochemical 
and petrographic aspects of organic matter in oil shales but some have 
been done on coal and other petroleum source rocks. Because much of the 
work on source rocks has involved geochemical markers, the studies on 
coal generally have the most relevance to the present work.
Waddell et al. (1978) carried out a comprehensive study on the 
interrelationships between petrographic and chemical variates of coals 
from the USA. Unlike many other studies, they had a considerable number 
of cases (119), they initially analysed the data with univariate and 
bivariate methods in order to determine normality and linearity 
respectively and they discussed limitations due to induced correlations.
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From their factor analysis of all variables, which included those from 
petrographic, elemental and proximate analyses, Waddell et al. (1978) 
found that rank accounts for most of the variation and that sulphur and 
nitrogen behave independently of the other variables. From their 
cluster and discriminant analyses, they found that groups of coals are 
not strongly discriminated from each other on the basis of the variates 
considered.
With additional data, Yarzab et al. (1980) continued the work of Waddell 
et al. (1978). They aimed to determine the variation between coals from 
different provinces in the USA and to relate the variation to 
liquefaction parameters. From PCA of 15 variates from 104 coals, they 
found three principal sources of variation: one related to rank, one 
related to sulphur and mineral content and one related to petrographic 
composition. They used CA to differentiate groups and DFA to quantify 
the relationships. Regression analysis was done on each group 
individually such that the percentages of oil from liquefaction could be 
predicted from the variables.
Numerous other studies on statistical analyses, organic geochemistry, 
general organic petrology and depositional models for organic 
matter-rich rocks have also been used in the present work and are 
referred to in the text.
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PART II CASE STUDIES OF SOME 'TYPE' DEPOSITS
CHAPTER 4 IACOSITES AND RELATED ROCKS FROM QUEENSLAND, AUSTRALIA
4.1 Introduction
4.1a Potential Resources
Most of the accessible, potential resources of shale oil in Australia 
are present in lacosite deposits and the majority of these are located 
in Queensland (Figure 6).
In terms of in situ resources, the largest lacosite occurrence is the
qCondor deposit which has probable resources, of 9.65 x 10 barrels (1.53 
9 3x 10 m ) at a cut-off grade of 50 litres per tonne at zero moisture
(LTOM; Moore et al. , 1986; Gannon and Wright, 1988). The Rundle
deposit is the most economically attractive because of its early
discovery, proximity to port facilities, thick mineable section and high
9 9 3average yields. It has 2.65 x 10 barrels (0.42 x 10 m ) of proven 
resources at a 50 LTOM cut-off (Moore et al♦ , 1986; Gannon and Wright,
1988; Wright, 1990). The Stuart deposit is proximal to Rundle and
. 9 9 3contains 3.05 x 10 barrels (0.47 x 10 m ) of proven resources at a 50
LTOM cut-off (Wright, 1990). Other major lacosite deposits of
9 9 3Queensland include Duaringa which has 3.72 x 10 barrels (0.59 x 10 m )
of probable resources at a 50 LTOM cut-off (Moore et al., 1986; Gannon
9and Wright, 1988; Wright, 1990), Yaamba, which has 4.14 x 10 barrels 
9 3(0.65 x 10 m ) of probable resources at a 63 LTOM cut-off (Wright,
9 9 31990), Nagoorin, which has 2.65 x 10 barrels (0.41 x 10 m ) of
. . 9probable resources, Nagoorin South, which has 0.47 x 10 barrels (0.07 x
9 3 .10 m ) of probable resources (Moore et al. , 1986; Gannon and Wright,
9 91988; Wright, 1990), Byfield which has 0.20 x 10 barrels (0.03 x 10
3 .m ) of probable resources (Crisp et al., 1987), Lowmead which has 0.74
9 9 3x 10 barrels (0.12 x 10 m ) of probable resources (Moore et al♦, 1986; 
Gannon and Wright, 1988; Wright, 1990), Biloela, Plevna, and 
Strathpine.
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In the present study, organic petrology of the Stuart, Duaringa, Byfield 
and Condor deposits has been examined at reconnaissance levels and 
Rundle has been examined in more detail. These five deposits have been 
explored mainly by Southern Pacific Petroleum N L (SPP) and its 
associated company Central Pacific Minerals N L (CPM). They have been 
explored by some other companies as well and Esso Exploration and 
Production (Australia) undertook a major feasibility study of the Rundle 
deposit.
4.1b History of Exploration
The Rundle deposit was discovered in the late 1800s (Lindner and Dixon, 
1976) and has been studied periodically since then. During World War II 
fuel shortages, the first systematic assessment of grade and size was 
done by Queensland Department of Mines. They based their assessment on 
limited drilling and sample assays. In 1969, the Carpentaria 
Exploration Company did some further drilling and assays; in 1973, SPP 
and CPM initiated more extensive exploration of the deposit. Esso 
(Australia) joined SPP and CPM in a joint venture in 1980. After 
extensive assessment studies, these companies decided to abort the 
originally planned proposal of a pilot-scale plant in favour of further 
feasibility studies for a commercial production plant in the future. In 
the mid-1980s, some Rundle oil shale was retorted in a pilot-plant in 
Texas and Exxon continued with small-scale studies on planning, design 
and processing. In the late 1980s, Exxon concentrated their research on 
hydrotreatment, mine waste management, shale ash management and other 
environmental and processing studies.
In the late 1980s, SPP and CPM undertook pilot-plant tests and defined a 
project for operation of a semi-commercial plant at the Stuart deposit 
(Wright, 1990).
In the late 1970s, SPP and CPM started drilling the Byfield, Duaringa 
and Condor deposits and in the mid-1980s, they made further feasibility 
studies of these deposits, commonly in joint ventures with other 
companies.
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In the late 1980s, some oil shale from Condor was retorted in a 
pilot-plant in Japan and further studies on research, development and 
engineering were carried out on the Condor and Duaringa deposits.
The general geology of Rundle has been described by Lindner and Dixon 
(1976), Lindner (1983) and Coshell (1983). Henstridge and Missen (1982) 
reported on the geology of the Narrows Graben (i.e. Rundle and Stuart 
deposits), Green and Bateman (1981) and Green et al. (1984) discussed 
the geology of the Condor deposit and Dixon and Pope (1986) described 
the geology of the Duaringa deposit.
4.2 Rundle Lacosites
4.2a General Geology, Stratigraphy and Inorganic Petrology
The Rundle lacosite deposit occurs in a graben structure within a 
north-trending valley proximal to the eastern coast of central 
Queensland (Figure 7). The graben is about 6 km wide and about 30 km 
long. It is bounded by the Narrows and Curtis Island to the east and by 
the Rundle and Mt. Larcom Ranges to the west. The eastern side of the 
Rundle Formation, which contains most of the lacosites, may lie proximal 
to the original depositional margin of the oil shales. A fault forms 
the western boundary of the basin and is close to the major depocentre. 
This structural boundary has little or no relation to the original area 
of deposition.
The oil shales occur in The Narrows Beds, which is a Tertiary
2sedimentary sequence having a lateral extent of more than 140 km 
(Lindner and Dixon, 1976). Basement rocks comprise the Devonian to
Carboniferous Curtis Island Group. This group consists mostly of
sedimentary rocks deposited in deep water. They were intruded by
granitic rocks during the late Permian and were subsequently uplifted 
and folded. The Narrows Beds are overlain by Quaternary alluvium and 
are rarely exposed in outcrops. Exposures exist mostly along creek beds 
and intertidal zones of the shoreline along The Narrows Channel.
The lacosites were deposited in a lacustrine system, which developed
with the graben and deposited a sequence greater than 800 m thick.
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The Narrows Beds are mostly horizontal to gently westerly-dipping. 
Steeper dips are present near the western boundary fault. The Tertiary 
section comprises lacosites, claystones, mudstones and shales, with 
minor amounts of impure carbonates, clayey sandstones, siltstones and 
lignite. The rocks range from brown to green and commonly are mottled.
The lacosite-bearing sequence contains interbeds of claystones, 
limestones, coaly sediments and sedimentary breccias. Claystone beds 
are common and range in thickness from a few millimetres to 20 m. The 
limestone beds are mostly less than 2 m thick and the coaly beds are 
generally less than 0.5 m thick except in the Brick Kiln Seam where they 
reach 5 m (Henstridge and Missen, 1982). The brecciated beds are mostly 
less than 2 m thick. Coshell (1983) described the cyclicity of bedding 
within the lower Ramsay Crossing Member exposed in a slot-cut. Some of 
the oil shale beds are massive and some are laminated, largely according 
to organic matter abundance. Soft-sediment deformation structures 
(Plate 2a), intraformational breccias, bioturbation structures and scour 
fills are present within the sequence. Ostracodes (Plate 2a) and 
gastropods are commonly present along with rare chitinous fragments, 
fish remains and reptile remains.
The Tertiary sequence is divided into three formations: Worthington 
Formation (the oldest), Rundle Formation and Curlew Formation (the 
youngest), all of which are probably conformable. The Rundle Formation 
is about 580 m thick (Lindner, 1983) and has been divided by Henstridge 
and Coshell (1984; cited in Hutton, 1985b) into eight members 
(Figure 8).
Age determinations for the Rundle and Curlew Formations have ranged from 
Paleocene to Miocene. Coshell (1983) and Lindner (1983) suggested that 
the Rundle Formation is Eocene and Henstridge and Missen (1982) narrowed 
their estimation to the middle to late Eocene.
The lacosites are typically brown to greyish brown and olive grey. They 
are mineralogically similar to other rocks in the section and generally 
comprise dominant montmorillonite, illite and quartz with lesser amounts 
of kaolinite, pyrite, feldspar, siderite and calcite. The quartz, 
feldspar and clay minerals probably have clastic origins whereas the 
carbonate is authigenic (Warne and French, 1985).
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Minor to trace amounts of analcite, gypsum, aragonite (Henstridge and 
Missen, 1982), cristobalite, ankerite, dolomite, apatite (Coshell and 
Loughnan, 1986), anatase, zircon, ilmenite and galena (Patterson and 
Dale, 1988) are present in the Rundle deposit. A positive relationship 
exists between oil yield and pyrite abundance in the Kerosene Creek 
Member (Patterson and Dale, 1988).
4.2b Organic Petrology
4.2b i General
The generalised composition of Rundle lacosites is presented in Table 5 
and fluorescence characteristics of the liptinites are presented in 
Table 6. Three miscellaneous samples were petrographically analysed 
specifically for the present study and these data are presented in 
Table 7. Samples 12754 and 15422 are from a slot-cut surface dump and 
are from the Ramsay Crossing Member. Sample 11054 is from the Kerosene 
Creek Member intersected by drillhole RDD 66 between 120 and 122 m.
The generalised organic petrology outlined below is based on the 
miscellaneous samples as well as on extensive sample suites from 
numerous drillholes. The analyses of these suites were done at the 
University of Wollongong for Esso (Australia) and are published as 
internal reports. Hutton (1982b; 1985b) gave extensive descriptions of
the organic petrography of the Rundle— Stuart deposit.
Rundle lacosites mainly comprise dull- to intensely-fluorescing 
lamalginite in a clay/silt-sized mineral matrix. Minor to trace amounts 
of humic matter, intensely-fluorescing lamalginite, bitumen/resinite, 
telalginite, liptodetrinite, sporinite and pyrite are also present.
The oil shales are laminated largely according to variations in the 
abundance of lamellar alginite. The laminae range in thickness from 
less than 1 mm up to 1 cm and the alginite abundance ranges from sparse 
up to about 80% by volume.
Fluorescence, texture and morphology of the liptinites are variable but 
the variations are not systematically related to depth or lateral
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location. Bright to dull orange-fluorescing and bright to medium 
yellow-fluorescing lamalginite (lamalginite I and II of Hutton, 1985b) 
are the most common alginite types. These types are thin walled and 
generally exist as lamellae less than 0.005 mm thick and less than 1 mm 
long (Plate 2b, c) . In high-grade samples, the lamellae mostly appear 
as anastomosing layers in sections parallel to bedding but in low-grade 
samples, botanical structures are commonly evident because of the lack 
of interference from overlapping alginite. In some cases, lamalginite 
has a star shape and has affinities to the freshwater green alga 
(Hydrodictyaceae) Pediastrum. Hutton (1984a) suggested that most 
organic matter in oil shales of the Narrows Graben is derived from 
Pediastrum. Some alginite is present as finely processed palynomorphs 
derived from Cleistosphaeridium (Hutton, 1985b) or forms that resemble 
Seotodinium (Hutton, 1982b). Indeterminate forms are however most 
abundant.
Most lamalginite is intimately interlaminated with the mineral matrices 
and in some instances the lamellar structure is indistinct probably 
because of mutual interference effects and biodegradation (Plate 2d).
Some lamalginite is intensely fluorescing (Plate 2e; lamalginite III of 
Hutton, 1985b) and is present as disseminations throughout the oil 
shales. In the present work, this lamalginite is separated from the 
other lamalginite and is termed 'intensely-fluorescing lamalginite'. It 
is commonly present in trace amounts but in some samples, it constitutes 
up to 1% by volume. This lamalginite has a similar morphology to the 
other lamalginite but commonly has thicker walls and higher polishing 
relief. In some instances, the intensely-fluorescing lamalginite is 
composed of numerous convoluted layers of microlamellae. The precursor 
algal type is unknown, but Hutton (1982b, 1985b) suggested that it may 
originate from benthonic algae or fragments of thalli from larger algae. 
Organic matter similar to these microlamellae are present in the 
Toolebuc Formation in Australia and may be derived from algal 
reproductive bodies (Price, P., pers. comm., 1982).
Telalginite (Plate 2b, f) is disseminated throughout Rundle lacosites 
but generally is rare. Some samples however contain 1-2% telalginite. 
It is present mostly as ellipsoidal to disc-shaped phyterals that have
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well-preserved cell structure and it normally fluoresces bright yellow. 
As evidenced by the form and cell structure, the telalginite is derived 
from i.Q-try°coccus~related algae. Botryococcus is a planktonic, mostly 
freshwater genus and is the characteristic progenitor algae of 
torbanites. In places, the telalginite is partially replaced by pyrite 
or carbonate. Replacement by carbonate commonly obliterates visible 
cell structure and replacement by pyrite causes duller fluorescence.
Hutton (1985a) defined the relationship between alginite abundance and
oil yield for Rundle/Stuart lacosites as : oil yield (litres per
tonne) = 4. 6 x alginite volume percentage - 11.5. As mentioned in
Chapter 3, the negative intercept for this regression causes the
equation to be limited to samples that have considerable amounts of
alginite.
Traces of liptodetrinite, bitumen/resinite and sporinite are 
disseminated throughout the oil shales (Plate 2). Fluorescence colours 
of liptodetrinite are highly variable but typically are similar to those 
of associated lamalginite. Liptodetrinite probably originates mostly 
from comminution of alginite and to a lesser extent from algal spores. 
Some liptodetrinite is probably very small pods of bitumen/resinite.
Bitumen/resinite (Plate 2f) commonly fluoresces bright yellow and occurs 
as homogeneous pore-fillings. It probably originates from waxes, fats 
and oils exuded from organic matter.
Sporinite is present in rare amounts throughout Rundle lacosites. It 
mainly fluoresces yellow and mostly originates from higher-plant spore 
and pollen grains washed into the ancient lake basin. Some fine-grained 
organic matter that has a similar morphology to sporinite is possibly 
sourced from algae.
Vitrinite and inertinite (Plate 2a, d) are disseminated throughout the 
oil shales, mostly in trace amounts. This humic matter largely 
comprises vitrodetrinite and inertodetrinite with lesser amounts 
ulminite stringers, corpogelinite, porigelinite and fungal resting 
spores. Vitrinite and inertinite commonly constitute 1-5% by volume of 
the lacosites and rarely constitute up to 20%. In some lacositic shales
PLATE 2 Photomicrographs of Some Lacosïtes from Eastern Queensland, Australia
a. Rundle; sanple 8196 (drill core sanple; RDD55; 41.5 a)
Field rich in ostracode shells (elongate convoluted laths; bright yellowish green) with lamalginite (medium greenish orange, fine lamellae), 
brightly-fluorescing lamalginite (bright greenish yellow; upper left corner), vitrinite (black) and clay/silt-sized minerals (medium green 
matrix). .
Field width = 0.72 rim; fluorescence-mode; perpendicular to bedding
b. Rindle; sanple 10357 (slightly weathered, spot saaple from an outcrop)
Lamalginite (orange) and telalginite (yellow) in a clay/silt-sized mineral matrix.
Field width = 0.55 mm; fluorescence-mode; perpendicular to bedding
c. Rundle; saaple 10357 (slightly weathered spot saaple from an outcrop)
As (b) in reflected light, showing clay/silt-sized and highly-reflecting minerals; lamalginite difficult to distinguish.
Field width = 0.55 mm; reflected light; perpendicular to bedding
d. Rindle; saaple 8409 (drill core saaple; RDD7D; 251.0 ■)
Lamalginite (orange), liptodetrinite (yellow flecks), shell fragment (lath in lower right) and vitrinite (black) in carbonate-rich matrix.
Field width = 0.22 mm; fluorescence-mode; perpendicular to bedding
e. Rundle; sanple 10453 (drill core sa^>le)
Brightly-fluorescing lamalginite (centre; bright greenish yellow), lamalginite (medium-bright orange), liptodetrinite (orange flecks) and 
minerals.
Field width = 0.18 mm; fluorescence-mode; perpendicular to bedding
f. Rundle; sanple 10447 (drill core saaple from proximal to a sill)
Thermally-altered sanple, which contains bitumen (homogeneous medium orange and greenish orange) associated with highly-reflecting minerals 
(blue) and ostracode shells (elongate laths). Telalginite (bright yellow; upper centre) and minerals are also present.
Field width = 0.50 mm; fluorescence-mode; perpendicular to bedding
g. Duaringa; sanple 8966 (drill core sanple; DD8; 92.0 m)
Lamalginite (medium greenish orange), telalginite (bright yellow; overexposed), liptodetrinite (yellow and orange flecks), vitrinite (black) and 
minerals.
Field width = 0.28 mm; fluorescence-mode; perpendicular to bedding
h. Duaringa; sanple 9092 (drill core sanple; DD1; 56.0 m)
Telalginite that has variable fluorescence due to mineral replacements (bright greenish yellow to medium orange), brightly-fluorescing 
lamalginite (medium greenish yellow), lamalginite (medium orange, largely out of focus), liptodetrinite (orange flecks) and minerals.
Field width = 0.34 mm; fluorescence-mode; perpendicular to bedding
i. Byfield; sanple 7778 (drill core sanple; BDD1; 313.8 ■)
Lamalginite (orange), telalginite (bright yellow), liptodetrinite (yellow flecks) and highly-reflecting (blue; possibly replacing telalginite) 
and other minerals.




3.S soc iat sd with the oil shales, vitrinite is th© dominant organic 
matter.
In addition to the discrete macerals, 'background fluorescence' emanates 
from the mineral matrices and is pervasive throughout most samples 
(Plate 2b, d, e, f). Similar to the alginite, the background 
fluorescence commonly undergoes positive alteration upon extended 
excitation. Possible causes of background fluorescence are given in
section 2.1h.
Intensely-fluorescing lamalginite, telalginite, liptodetrinite, 
bitumen/resinite, sporinite and any organic matter that causes the 
background fluorescence are all minor sources of retorted hydrocarbons. 
Traces of retort oil probably originate from the humic macerals.
4.2b ii Maturation
Mean maximum vitrinite reflectance values (R ) for Rundle lacositesV,max
generally range from 0.18-0.37%. Table 8 shows reflectance data for the 
miscellaneous samples analysed for the current work. Vitrinite 
reflectance data do not indicate a systematic relationship with depth; 
this is at least partly due to shallow burial.
Hutton and Cook (1980) have shown that an inverse relationship exists
between telalginite abundance and R for some oil shale deposits.V,max c
These decreases in vitrinite reflectance with alginite content may be
caused by minor amounts of hydrocarbon generation. Teichmliller and
Durand (1983) noted an increase in primary fluorescence intensity of
vitrinite in coal, initiating at ranks slightly greater than about 0.45%
R . They attributed this increase to neoformation ofV,max
"petroleum-like products" from liptinite and perhydrous vitrinite. From 
studies on oil shales sampled from proximal to an intrusion, Hutton and 
Henstridge (1985) found a zone of decreased Rtt and suggested that it
was caused by absorption of bitumens by vitrinite. Price and Barker 
(1985) noted that absorption of bitumens is the most popular reason 
given to account for depressed vitrinite reflectance but in some cases, 
vitrinite could become enriched in hydrogen during diagenesis.
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Hutton (1985b) stated that the R of Rundle lacosites is related tov ' V,max
vitrinite type.
A simple relationship does not exist between alginite abundance and
vitrinite reflectance for Rundle lacosites. This probably is partly due
to the low maturity of Rundle rocks in comparison with the Permian rocks
studied by Hutton and Cook (1980) and to differences in the type and
amount of exuded hydrocarbons from lamalginite at low ranks and from
Botryococcus-type telalginite at higher ranks. Coaly rocks such as
those of the Curlew Formation and Brick Kiln Seam however have higher
R values than those of the Rundle lacosites. These higher valuesV, max
could be due to fewer absorbed hydrocarbons or to differences in 
depositional environments, vitrinite types and diagenesis.
The 'soft brown coal' rank of Rundle oil shales is typical for the 
lacosite deposits of eastern Queensland except for the Condor deposit 
which reaches the 'bright brown coal' stage in deep parts of the section 
(Hutton, 1982b).
Although the fluorescence colours of liptinite maceráis in Rundle 
lacosites are highly variable, they are not systematically related to 
depth. Fluorescence colours depend upon type of progenitor material 
(e.g. species/genus and life stage), environment of deposition and 
diagenesis (e.g. oxidation or biodegradation, not including maturation) 
as well as rank. For Rundle lacosites, these 'type' effects probably 
mask the changes due to rank. This is evidenced by variable 
fluorescence characteristics on a microscopic scale and differences in 
morphology between alginite that has widely different fluorescence 
characteristics (Plate 2a).
4.2c Organic Petrology of a Suite of Rundle Lacosites Sampled from 
Proximal to a Sill
Analyses of seven drill-core samples from near a sill enable elucidation 
of the effects of a 4 m thick igneous intrusion on organic matter in 
Rundle oil shales. The relationship of the samples to the sill is shown 
in Figure 9.
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The samples studied comprise mainly alginite, bitumen, humic matter and 
minerals (Table 9). The major differences between this suite of samples 
and unaltered Rundle lacosites are decreased alginite fluorescence 
(Table 10) and an abundance of bitumen in the samples from proximal to 
the sill (Plate 2). The bitumen is characterised by a yellow to orange 
fluorescence and a low reflectance. It commonly occurs interstitial to 
mineral grains and is concentrated in coarse-grained lenses (Plates 
lg, 2f). The bitumen is less commonly present within fractures. In 
some samples, bitumen and lamalginite grade into each other.
In the thermally altered samples, humic matter exists in trace amounts
and mainly comprises vitrodetrinite. The number and quality of fields
that could be measured for vitrinite reflectance are low and the
precision of the reflectance measurements is less than that normally
achieved. Precise measurements could only be made on samples 10447 and
10453. Additional constraints on the vitrinite reflectance data are
caused by the possible effects of absorbed hydrocarbons. From studies
on thermally affected Stuart lacosites, Hutton and Henstridge (1985)
found that samples having the maximum amounts of bitumen have the
minimum R values.V,max
In the present study, vitrinite reflectance data of the samples from
near the sill clearly indicate thermal alteration (Table 11); values of
up to 1.9% R exist for the sample from 0.6 m below the intrusion.V,max
On the basis of the reflectance data, considerable effects from heating 
are present at least 1 m above and 2 m below the sill contacts.
The extent and amount of heat alteration probably depend mainly upon 
heat-flow, time, nature and amount of volatiles associated with the 
intrusion and composition, degree of crystallisation and geometric 
configuration of the intrusion. Constraints related to the host rock 
that would affect the degree of alteration include thermal conductivity, 
mineralogy, degree of fracturing, moisture content, rank and maceral 
composition.
Vitrinite reflectances for samples as near as 1.6 m above and 6.0 m
below the sill approximate those of unaltered Rundle samples. A
thermally affected aureole in the Stuart deposit above an intrusion at 
2least 4 km in lateral extent has an average thickness of about 46 m
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(Hutton and Henstridge, 1985). The extent of thermal alteration around 
a 15 m thick dike within some organic matter-rich Cretaceous shales is 
about 10 m (Peters et al♦ , 1983); the altered zone around a 1.3 m thick 
dike within the Pierre Shale (a carbonaceous siltstone in Colorado, USA) 
is about 1 m in thickness (Clayton and Bostick, 1986).
Petrographic compositions of the heat affected Rundle samples are 
presented in Table 9 and the predominant fluorescence colours are given 
in Table 10. Sample 10453 is similar in composition to some unaltered, 
moderate- to high-yielding Rundle samples. Samples 10447 and 10452 are 
different from unaffected samples mainly due to an abundance of bitumen. 
Organic matter is sparse in the samples from within 1 m of the sill.
Three distinct zones are evident for the lacosite suite associated with 
the sill: a proximal zone characterised by low contents of organic 
matter, an intermediate zone characterised by the presence of 
lamalginite, bitumens and increased vitrinite reflectance and an 
unaffected, distal zone. From studies on a much more extensive, 
thermally altered aureole in Stuart lacosites, Hutton and Henstridge 
(1985) delineated 4 zones based on fluorescence and morphology of the 
lamalginite.
For the Rundle rocks analysed in the present study, the proximal zone 
contains trace amounts of lamalginite that normally has an intense 
fluorescence. The thermal alteration of this alginite however results 
in a medium to dull orange fluorescence, rather than its typical bright 
greenish yellow fluorescence. For these analyses, this lamalginite 
remains categorised as 'intensely-fluorescing lamalginite' for 
consistency and to enable differentiation from the other lamalginite. 
Stratigraphic control that would indicate alginite abundance prior to 
the intrusion is not available. On general stratigraphic grounds 
however, the weaker fluorescing lamalginite was probably present within 
the proximal zone but has lost its fluorescence due to the effects of 
heat. This lamalginite would have sourced most of the bitumens present 
m  the intermediate zone. The presence of fluorescent alginite in the 
proximal zone indicates that an upper limit of about 450° C was reached. 
Based on the studies of Clayton and Bostick (1986), Teichmuller (1982a) 
and the vitrinite reflectance data of the present study (accounting for
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some possible suppression of R by absorbed bitumens), the samplesv,max ' c
from most proximal to the sill were probably heated to at least 350° C 
(Figure 9).
In the intermediate zone, largely unaltered lamalginite is present 
together with /naturally distilled' bitumens. Because of the abundant 
kitumens present with the lamalginite in the intermediate zone, these 
oil shales should have higher oil yields than unaltered rocks 
(Figure 9). For the thermally altered Pierre Shale samples studied by 
Clayton and Bostick (1986), the variation in amounts of extractable 
organic matter and in the amounts of C + hydrocarbons have similar 
trends to that shown in Figure 9 for the possible retort yields of the 
thermally altered Rundle samples. Bitumens in the Rundle rocks are 
concentrated in porous portions but distinction of bitumen from 
lamalginite is unclear in some instances because of gradational 
contacts. This could be evidence for in situ formation of bitumens from 
lamalginite or for dissolution of alginite by bitumen during migration 
and emplacement.
Most alginite in Rundle oil shales undergoes positive alteration upon 
prolonged ultraviolet/violet light excitation. Fluorescence alteration 
of the thermally affected alginite is more pronounced than in unaffected 
samples. This could represent a higher degree of fluorescence 
alteration per se or could be an increased 'apparent alteration' due to 
an initial subdued fluorescence of the heat affected alginite.
Data of Peters et al. (1983) and Clayton and Bostick (1986) indicate 
that hydrocarbon yields upon solvent extraction of organic matter-rich 
rocks are increased in zones proximal to igneous intrusions. The data 
from the present study, indirectly indicates that the intermediate zone 
may have an enhanced liquids yield upon solvent extraction or upon 
retorting. Such enhancement could be confirmed by detailed, 
stratigraphically controlled sampling in conjunction with studies on 
Fischer assay and solvent extraction yields. Most of the bitumens are 
insoluble in the immersion oil used during microscopic examination and 
may not be extractable with organic solvents. If higher yielding 
aureoles are present around all intrusions within oil shale deposits, 
the net loss of recoverable hydrocarbons may be small and igneous 
intrusions may even offer access to naturally beneficiated oil shales.
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4.2d Organic Petrology of a Suite of Weathered Rundle Samples from an 
Outcrop
Three samples from an outcrop of the Kerosene Creek Member were analysed 
in detail to give information on the effects of weathering on Rundle 
lacosites. The alteration from weathering of oil shales depends on 
numerous factors including maceral composition, rank, mineralogy, 
porosity, permeability, fracturing, jointing, orientation of exposure, 
climate, microbiologic activity, duration of weathering, vegetation and 
water table characteristics. To account for these variables is beyond 
the scope of this study but observations and interpretations on the 
samples may be indicative of the weathering characteristics of lacosites 
in general.
The rocks studied are composed mainly of clay/silt-sized minerals and 
medium- to dull-fluorescing lamalginite. Minor amounts of telalginite, 
intensely-fluorescing lamalginite and bitumen/resinite are also present. 
For the purposes of the present study, the composition has been simply 
divided into fluorescent liptinite and minerals such that an insight of 
the effects of weathering on liquids yield is easily ascertained. .
The rank of Kerosene Creek lacosites is low; R averaqes at aboutV,max 3
0.28%. As mentioned above, the minerals in Rundle lacosites comprise 
mainly clay and quartz. The rocks generally have low permeabilities 
because of the fine grain size and the organic matter acting as a 
'binder'. The oil shales, especially high-yielding samples, generally 
are tough and resistant to fracturing.
The sampled outcrop is located along a bed of a tributary of the 
Munduran Creek. Most outcrops are deeply weathered and are extensively 
kaolinised (Henstridge and Missen, 1982).
The Rundle area presently has a subtropical climate and has an annual 
rainfall of 860 mm (Lindner and Dixon, 1976). The coastal plain that 
overlays much of the Rundle deposit is vegetated by 'open eucalypt' 
forest.
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For point-counting purposes, the weathered samples are divided into 
zones designated alphabetically from 'A' at the surface. These zones 
are 1 or 2 mm wide, up to 100 mm long and are oriented parallel to the 
primary (most intensely) weathered surface or to the secondary weathered 
surface (Table 12). Because of the orientation of the weathered 
outcrop, most primary weathered surfaces lie parallel to bedding. Where 
secondary weathered surfaces are present (e.g. along fractures 
perpendicular to bedding) samples were point-counted in zones oriented 
perpendicular to bedding.
Between 300 and 400 points were counted for each zone and the traverse 
line-spacing was 1 or 0.5 mm. The stage-jump was altered to accommodate 
the zones and varied from 0.05 to 0.15 mm.
Table 12 shows the variation in volume per cent of fluorescent liptinite 
(mainly lamalginite) and mineral matter with depth from the weathered 
surfaces. Sample 10356 was divided into zones oriented parallel and 
perpendicular to bedding. Variations in the lamalginite abundance 
between zones oriented parallel to bedding may be due to changes in 
depositional factors as well as those due to effects of weathering. The 
gradational and systematic increase in the amount of fluorescent 
liptinite with distance from the weathered surface indicates that the 
'preweathered' differences in composition between beds were probably 
minor as compared with the variation caused by weathering. Examination 
of the outcrop samples with a hand-lens and qualitative examination of 
fluorescence characteristics of the alginite confirms the trend shown in 
Table 12. The abundance of fluorescing liptinite varies from less than 
10% in zones proximal to the weathered surface to about 50% in the most 
distal zone. This type of systematic variation over a distance of less 
than 10 mm is unlikely in Rundle lacosites.
Sample 10356 was also divided into zones arranged perpendicular to 
bedding and parallel to a probable secondary weathered surface along a 
joint. In this case, the percentage of fluorescent liptinite is 
apparently not related to the weathered profile. This lack of 
relationship is probably due to the insignificance of the secondary 
weathering in comparison to variations caused by the primary weathering.
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The most valuable data for the weathered samples is from sample 10357. 
The zones for point-counting were oriented perpendicular to bedding and 
were parallel to a profile of secondary weathering that was more intense 
than for sample 10356. The relative abundances of fluorescent liptinite 
and mineral matter have been considerably altered by the weathering 
(Table 12).
No significant variation in the abundance of fluorescent liptinite 
appears to be caused by secondary weathering in sample 10358.
The lamalginite in intensely weathered zones is finer grained than that 
in unaltered samples. The weathered alginite has diffuse boundaries and 
appears to have been decayed from the edges by the weathering. This 
diffusion causes an increase in background fluorescence.
Fluorescence characteristics of alginite are markedly affected by 
weathering. In unweathered zones, telalginite fluoresces bright yellow 
to bright greenish yellow and lamalginite predominantly fluoresces 
medium to bright orange. In weathered zones, telalginite mainly 
fluoresces medium yellow and lamalginite mainly fluoresces dull orange. 
In intensely weathered zones, lamalginite loses its fluorescence such 
that it can only be detected after 'positive alteration' has occurred 
upon extended irradiation. Weathered lamalginite apparently alters more 
upon irradiation than does 'nonweathered' lamalginite; this is possibly 
an indication of increased aromaticity of the weathered organic matter 
(after van Gijzel, 1975). The alteration may be more apparent in the 
weathered lamalginite because of the more obvious effects of excimers 
formed in the weaker fluorescing, weathered lamalginite than in the 
brighter fluorescing, 'nonweathered' lamalginite.
Intense weathering affects the abundance and optical properties of 
lamalginite in the Rundle lacosites studied. In weathered zones, retort 
yields would be significantly decreased and oil compositions are likely 
to be atypical. In the samples studied however, this zone is less than 
1 cm thick.
From studies on the Upper Cretaceous Mancos Shale in Utah, USA, 
Leythaeuser (1973) found that weathering mostly affects the soluble part
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of organic matter. Total organic carbon was slightly decreased by 
weathering in the samples studied. The effects of weathering on oil 
shales therefore partly depends upon the amount of soluble organic 
matter present; most oil shales have only small amounts of extractable 
organic matter.
Clayton and Swetland (1978) studied samples of the Cretaceous Pierre 
Shale from Colorado, USA and found that total organic carbon contents 
were consistent over a 7 m thick, weathered interval.
From studies on slightly weathered, potential source rocks in Svalbard, 
Norway, Forsberg and Bjor^y (1983) found that the organic matter was not 
severely affected by the weathering.
Saxby et al. (1986) artificially weathered some Rundle oil shale at
various temperature, sunlight and moisture conditions to determine the 
effects on oil yield. They found that mild, simulated weathering at 
ambient temperature for 60 days caused a decrease in Fischer assay of 
about 2%.
From studies on weathered coal, Marchioni (1983) found that the
reflectances of vitrinite and liptinite are generally increased by the
weathering. For the weathered Rundle samples examined in the present
study, R was not determined because of the paucity of vitrinite;V,max
reflectance of the lamalginite is too low to be determined.
The effects of weathering between and within various oil shale deposits 
would be markedly different. As shown in Table 12, the samples analysed 
in the present study are affected to various degrees. This is probably 
due to differences in lithology and weathering parameters.
For the Rundle lacosites studied, weathering has had some adverse 
effects on liquids yield but the depth of the weathered profile is very 
shallow. The lack of penetration is probably due to the stability of 
alginite in oxidising conditions and to low permeability of the 
lacosites.
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4.2e Depositional History 
4.2e i introduction
Evidence on paleobiology, lithology and sedimentary structures indicate 
that Rundle oil shales were formed mostly in a lacustrine environment 
(Lindner and Dixon, 1976; Henstridge and Missen, 1982; Coshell, 1983).
Five types of Rundle oil shale are distinguishable in core and in trial 
pits: massive, poorly laminated, well-laminated, brecciated and 
brecciated clayey (Coshell, 1983). These divisions, which are based on 
primary sedimentary structures, indicate large scale variations during 
deposition of the oil shales. These major changes are important in the 
interpretation of the general history of the basin but some processes 
such as weathering, reworking and some brecciation are diagenetic and do 
not pertain to the environment in which the original lacosites were 
deposited. In the present study, most of the interpretations are 
oriented towards the specific environmental conditions that led to 
deposition of the lacosites.
On a microscopic scale, all lacosites studied are laminated. The fine 
grain size and presence of fine laminae indicate that the oil shales 
were deposited in low energy conditions. The microlaminae, which are 
associated with differences in alginite abundance, indicate that 
environmental conditions not only varied through extended periods of 
time but also during shorter intervals. Some of the small scale 
variations could be due to seasonal fluctuations. Preservation of the 
laminae may indicate a lack of infauna but laminae may also be caused by 
rapid sedimentation or intermittent degradation. The presence of 
benthonic metazoans does not necessarily lead to degradation of organic 
matter (Pelet, 1983) nor to bioturbation.
Ostracode shell fragments are abundant in most Rundle oil shales but 
obvious bioturbation is rare. Most freshwater ostracodes moult seven to 
nine times during their lives (Benson, 1961) and therefore a very large 
number of carapaces and separated valves may accumulate in sediments 
over a short period of time. Ostracodes thrive in areas of gradual
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organic decay and typically are present in littoral environments 
(Buchheim and Surdam, 1981).
4.2e ii organic matter preservation in general
A lack of degradation from biologic activity and a consequent 
preservation of organic matter may be caused by a high sedimentation 
rates, high organic productivity, resistance of organic matter to decay, 
conditions in the sediments not suitable to inhabitation by grazers, or 
by any combination of these factors. As shown in the published
literature, the relative importance of these variables remains a 
controversy (see Chapter 3).
Toxic sediment conditions, in particular anoxicity, are the the most 
commonly given causes to account for preservation of abundant organic 
matter. For deposition of organic matter-rich sedimentary rocks, many 
authors have suggested stagnant, chemically stratified water bodies or 
other settings that involve vertically extensive, anaerobic water 
columns (e.g. Smith, 1974; Lindner and Dixon, 1976; Thiede and van 
Andel, 1977; Desborough, 1978; Arthur and Schlanger, 1979; Demaison 
and Moore, 1980; Henstridge and Missen, 1982; Dean and Gardner, 1982; 
Arthur and Silva, 1982; Boyer, 1982; Waples, 1983; Lindner, 1983; 
Cole, 1984; McConnochie and Henstridge, 1985; Eugster, 1985; Gibling 
et al♦ , 1985a; Powell, 1986; Loh et al. , 1986; numerous papers in
Fleet and Brooks, 1987 and in Fleet et al. , 1988; Jenkyns, 1988;
Prauss and Riegel, 1989). These inferences are commonly made without 
substantial supporting evidence other than an abundance of organic 
matter.
Numerous authors have suggested that organic matter preservation is 
promoted by anoxic— oxic boundaries at or near sediment water 
interfaces (e.g. Jenkyns, 1980; Morris, 1980; Kauffman, 1981; Cook, 
1982a; Sherwood and Cook, 1983, 1986; Hutton, 1984b). According to 
Hakanson and Jansson (1983), aerobic— anaerobic boundaries are typically 
below sediment— water interfaces in eutrophic lakes (Figure 10). These 
models do not require inferences of complicated mechanisms to cause 
vertically extensive 'anoxia'. A less extensive anaerobic or dysaerobic 
water column may be caused by large inputs of organic matter.
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Accumulation of organic matter may create reducing microenvironments 
which could aid in its preservation.
Rhoads and Morse (1971) stated that environments having 0.3-1.0 
millilitres per litre of oxygen contain a low diversity of infauna. 
Powell (1986) noted that mildly oxidising conditions may lead to a 
concentration of hydrogen-rich organic matter by promoting selective 
degradation of lignin and cellulose. Rimmer and Davis (1988) suggested 
that liptinite may be concentrated by preferential degradation of woody 
tissues under alkaline conditions caused by marine influence.
The data of Pelet (1983) on six oceanic settings, which range from oxic 
to anoxic, show that the sediment having the greatest organic carbon 
content is not from an anoxic environment. The richest sediment 
(6.9 wt % organic C) has 2.7 times the organic carbon content of 
sediments from the anoxic environment and has a water column that 
contains 2.32 ppm oxygen (i.e. 53% saturated). The Eh of the 
sediment— water interface for this sediment is 180 mV and the Eh 15cm 
below the sediment surface is -150 mV. From studies on modern marine 
sediments, Henrichs and Reeburgh (1987) measured the preservation of 
organic matter as the rate of organic C burial divided by the rate of 
organic C flux and found no differences between anaerobic and aerobic 
settings where sedimentation rates are comparable.
Anoxic sediment conditions alone will not necessarily inhibit organic 
matter decomposition; anaerobic microbes may degrade organic matter. 
Methanogenesis and sulphate reduction, which produce mainly CH^ and H^S 
respectively, are two of the final processes involved in anaerobic 
decomposition (Bauld, 1981). The rates of decomposition of algae in 
anaerobic and aerobic waters are generally similar (Henrichs and 
Reeburgh, 1987).
Other factors that lead to sediments inhospitable to grazing metazoans 
and bacteria include decreased sunlight (possibly caused by abundant 
phytoplankton), subaerial exposure and anomalously high or low pH, 
temperature, pressure and salinity. Some algae secrete 
bacteria-inhibiting agents (Bradley and Beard, 1969; Bradley, 1970; 
Gunnison and Alexander, 1975). Organic decomposition products, such as
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humic acids and phenols, may inhibit the proliferation of predatory 
organisms; some of the toxic metabolites may also affect other algae 
(Gunnison and Alexander, 1975).
Desiccation of organic matter-rich sediments may inhibit bacterial and 
faunal attack and may enhance preservation via heat fixation (Bradley, 
1973; Eugster and Hardie, 1975; Bauld, 1981).
Numerous workers have agreed that organic productivity and sedimentation 
rate are fundamental controls on organic matter preservation (e.g. Ryan 
and Cita, 1977; Zeitzschel, 1978; Muller and Suess, 1979; Curtis, 
1980; Dean and Gardner, 1982; Habib, 1982; Waples, 1983; Pelet, 1983; 
Robbins, 1983; Dean et al♦ , 1984; Eugster, 1985; Wenger and Baker, 
1985; Stow, 1987; Calvert, 1987; Henrichs and Reeburgh, 1987). As 
mentioned above, large amounts of organic matter can be the cause rather 
than the effect of anoxic sediment conditions. Organic productivity is 
related to hydrographic constraints and the amount of sunlight and 
nutrients. Some important factors that influence nutrient availability 
are tectonism, weathering, volcanic and hot spring activity and drainage 
patterns. In most lakes, phosphorus is the limiting nutrient (Robbins, 
1983); increased salinity may cause some algae to bloom (De Dekker, 
1988) .
Rapid burial of organic matter by additional organic matter or minerals 
prevents extensive decomposition because most bacteria exist at 
sediment— water interfaces. High sedimentation rates decrease the 
residence time of organic matter in upper, highly oxic waters. 
Decomposition in water columns is the most important phase of organic 
matter alteration (Pelet, 1983). The depth of the water column is 
therefore an important constraint on organic matter preservation. 
Because of decomposition in the water column, much of the organic matter 
that reaches the water— sediment interface is resistant to decay.
Decomposition of organic matter may be inhibited by complexing with 
metals or sulphur (Tappan, 1980; Powell, 1986), by adsorption onto 
clays (Premuzic et al., 1982) or by the inherent composition of the 
organic progenitors. Lipids for example are resistant to decay and a
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concentration of liptinite in rocks may be an indicator of 
biodegradation of other organic entities rather than antiseptic 
conditions.
The degree of organic matter preservation depends upon a complex series 
of contributing factors, many of which are interrelated. The high 
alginite concentrations, lateral continuities and vertical continuities 
of many oil shale deposits indicate that organic productivity is 
probably a major governing factor irrespective of other constraints. In 
many lacustrine deposits, the sequences that contain little or no 
alginite are mineralogically and texturally similar to algal matter-rich 
phases (Cook, A., pers. comm., 1990).
According to Wilcock and Mclver (1986), the contacts between high-grade 
beds within low-grade beds of the Rundle deposit indicate that the rich 
zones are caused by increased algal input rather than decreased mineral 
input. High organic productivity may have caused a large demand for 
oxygen on the depositional environment and may have led to at least 
dysaerobic conditions in the sediments. At times, these conditions may 
have extended into the water column. If the productivity declined 
because of oxygen depletion, oxic conditions may have returned and led 
to a renewal of high productivity. Much or all of the labile components 
however may have been oxidised in the water column and the refractory, 
aliphatic organic matter may have had a low demand for oxygen at the 
water— sediment interface. To explain high algal productivities, some 
authors have suggested algal blooms related to wind-induced water 
currents or seasons (Bradley, 1970; Hutton, 1984b; Gibling et al. 
(1985a). Basin-wide eutrophication is a likely alternative and would 
account for laterally extensive units.
In the present study, high organic productivities and high resistances 
of algal precursors to degradation are considered as key factors in the 
deposition of oil shales. Environmental effects on the preservation of 
organic matter in other deposits are discussed in subsequent chapters.
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4.2e iii synopsis and modern analogues for the depositional environment 
of Rundle lacosites
For deposition of Rundle lacosites, Lindner and Dixon (1976), Henstridge 
and Missen (1982), Lindner (1983) and Wilcock and Mclver (1986) inferred 
that the bottom conditions of the lake were strongly reducing, such that 
organic matter would be preserved and sulphides would form. Although 
these conditions may have existed at times, they are not necessary to 
account for either of these processes.
As stated above, organic matter preservation can be promoted by a 
variety of factors, of which heat fixation was probably at least a 
contributing factor for deposition of some Rundle lacosites. Some of 
the oil shales were subaerially exposed during early diagenesis 
(Coshell, 1983; Hutton, 1985b; Wilcock and Mclver, 1986) but it was 
not necessarily a common event. Alginite in the lacosites that have 
been subaerially exposed, such as brecciated lacosites and lacosites 
that have soil textures, has not been decomposed.
The resistance of Pediastrum to decay (Bradley, 1970; Tappan, 1980) is 
at least partially responsible for its preservation. From a study of 
14 species of algae, Gunnison and Alexander (1975) found that Pediastrum 
duplex was the most resistant to degradation; it was the only alga that 
was not decomposed under the conditions of study. They proposed that 
the resistance is caused by cell walls unsuitable for microbial 
digestion. The resistance of the lamalginite precursors was possibly 
enhanced by its association with humic acids complexed with titanium 
(Glikson et al. , 1985) and by very fine-grained minerals within some of 
the lamalginite phytoclasts (Khorasani, 1984a).
Sulphides may form in a variety of depositional environments because
sediments may become anaerobic after deposition and because anoxic
microenvironments may form, commonly in association with organic matter.
Although oil shales generally contain considerable amounts of pyrite,
+3 .some have more Fe present in the ferric state (Fe ) than in the ferrous 
_l ostate (Fe ); the lamalginite-rich Jatibarang Formation in Indonesia 
contains iron oxides as pseudomorphs of pyrite (Cook, A., pers. comm., 
1990). Some pyrite in Rundle lacosites is secondary and occurs within
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fractures, as replacements or associated with stylolites (Hutton, 
1984b). The chemistry of pyrite formation is discussed in more detail 
in Chapter 8.
The presence of ostracode, gastropod and other faunal remains, all 
associated with the oil shales, show that reducing conditions were not 
prevalent above the lake bottom. Even if the organisms were tolerant of 
low oxygen levels, most benthic invertebrates would have difficulty in 
secreting a calcareous test in anaerobic or dysaerobic waters (Rhoads 
and Morse, 1971).
The Rundle sediments probably, at least partly had a low Eh. An 
anaerobic— aerobic boundary could have existed at or below the 
sediment— water interface; this location would have allowed some 
benthonic fauna and would have aided in organic matter preservation. 
Anaerobic decomposition of the algae by sulphate—reducing bacteria was 
probably limited by the amount of sulphate in the water as well as the 
resistance of the lipids to decay.
The types of precursor algae give some insights into the depositional 
environment. Chlorophytes store lipids as a food source and the amounts 
of fat stored may largely depend on conditions of the environment 
(Tappan, 1980). If the environment is poor in nutrients, fats may 
accumulate. The paucity in nutrients may be inherent to the 
depositional environment or may be due to a high productivity and 
consequent nutrient depletion.
Botrvococcus is a planktonic green alga that commonly exists in small 
freshwater lakes, lagoons and swamps. It is also present however in 
some saline environments. Because it tolerates pH levels from 4.5 to 
8.0, Botrvococcus may flourish where growth of other algae is inhibited 
(Tappan, 1980). Pediastrum is a free-floating green alga with an upper 
salinity tolerance of about 1.7 grams per litre (Singh et al. , 1981). 
The discrete form and general similarity to Pediastrum of most 
lamalginite in Rundle lacosites suggest mainly planktonic precursors. 
No lamalginite in Rundle oil shales is of undoubted benthonic origin but 
some benthonic calcareous algae are present. They are not however,
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associated with any distinctive organic matter type (Cook, A., pers. 
comm., 1984).
During deposition of Rundle oil shales, the lake levels were highly 
variable. From studies of a slot-cut exposure of the Ramsay Crossing 
Seam, Coshell (1983) found a cyclicity in the lithologies and associated 
depositional regimes. Each cycle mainly comprises a basal brecciated 
oil shale sequentially overlain by well-laminated lacosite, poorly 
laminated oil shale and brecciated clayey lacosite/claystone. Coshell 
(1983) suggested that the basal zone represents multiple transgressive 
and regressive events (ephemeral, mud-flat environments), the 
well-laminated oil shale represents a more permanent although very 
shallow lake with minor regressions, the poorly laminated oil shale 
represents a deeper, albeit shallow lake and the brecciated lacosites 
and claystones represent ephemeral lacustrine to pedogenic conditions. 
Because of the shallowness of the lake, a large amount of the primary 
productivity reached the sediments. Lake levels also probably changed 
to a considerable degree between the major transgressions and 
regressions that Coshell (1983) discussed.
Hutton (1984b) also proposed variable lake levels and suggested that the 
alginite-rich Kerosene Creek Seam represents a high stand. Depositional 
models that involve highly variable water levels were suggested by 
Parnell (1988) and by Gore (1988) for lacustrine deposited, organic 
matter-rich rocks in Scotland and Virginia, USA respectively.
Large, perennial lakes that have highly variable water levels are rare 
in the Holocene but they do exist. For example Lake George (NSW, 
Australia), which is 25 km long and up to 11 km wide, has ranged from 
dry to 7.3 m deep since the year 1820. Between 21000 and 27000 years 
ago, Lake George was 36 m deep. The lake sediments are up to 46 m thick 
and they contain Pediastrum, Botrvococcus and ostracodes (Singh et al. ,
1981).
Great Lake in Cambodia has also had large fluctuations in water levels 
throughout recorded history. Currently the lake fills each year when 
floodwater from the Mekong River flows back into one of its tributaries.
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The level of Lake Rudolph in Kenya has dropped 46 m in the past 3000 
years because of climatic changes (Surdam and Wolfbauer, 1975).
Lake Victoria in eastern Africa has suffered major fluctuations in water 
level, is not permanently stratified and contains sediments that have an 
average organic matter content of 11.2% by weight; Botrvococcus and 
Pediastrum are common in the lake (Talbot, 1988).
Great Salt Lake in Utah, USA was ephemeral 32000 years ago and was about 
300 m deep 17000 years ago (Powell, 1986). The lake levels have been 
highly variable throughout its history and organic matter-rich sediments 
were mostly deposited after contractions (Eugster, 1985).
In Queensland, favourable climatic conditions probably existed for 
deposition of oil shales in the Tertiary. In comparison to the 
Holocene, Tertiary climates generally involved high mean temperatures, 
large amounts of precipitation and low temperature ranges (Truswell,
1982). The high temperatures may have promoted rapid evaporation, 
prolific algal growth and generation of abundant organic nutrients. 
Large amounts of precipitation could have led to formation of numerous 
lakes and rapid rises in lake levels. The Rundle Formation was 
deposited in the Eocene, which was a time of much precipitation (Cooper, 
1977). High TiO^/Al^O^ values in Rundle oil shales may be indicative of 
high rainfall (Glikson et al., 1985).
Climatic changes are related to Milankovitch cycles, marine 
transgressive cycles (i.e. high precipitation at high stands; Cooper, 
1977) and continental distribution (Arthur, 1979), the latter two of 
which may be related to plate tectonics (see Hays and Pitman, 1973; 
Arthur, 1979; Tissot, 1979). The hypsometry of continental Australia 
substantially changed during the Eocene (Bond, 1978) and these were 
probably related to transgressions. Changes in sea floor-spreading 
rates, and the associated changes in volume of the basin floor could 
have influenced sea level rises (Hays and Pitman, 1973; Arthur, 1979).
Local tectonic activity probably played a role in the formation of the 
Rundle oil shale basin. Postorogenic basins are common settings for 
lacosite deposition because they may provide a durable physiographic low
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that involves rapid subsidence and rapid sedimentation. Postorogenic 
basins are not however a prerequisite for deposition of organic 
matter-rich rocks deposited in lacustrine settings. Some preorogenic 
and possibly synorogenic basins in Indonesia contain lacosites. 
Tectonically altered drainage patterns could have been an important 
factor for the hydrographic conditions suitable for deposition of 
lacosites.
Rundle lacosites were formed in a large, flat-bottomed, climatically 
sensitive lake. The lake suffered a series of major and minor 
transgressions and regressions such that it ranged from dry to possibly, 
temporarily stratified. As the water levels varied, changes in nutrient 
availability, sedimentation rate, subaerial exposure, redox potential, 
acidity, salinity and depth of the euphotic zone combined to cause 
variation in the amounts of organic matter preserved. Although water 
depth is a governing factor for deposition of oil shale sequences, 
nutrient availability, algal productivity and resistance of the algae to 
decay are also of great importance.
4.3 Other Queensland Lacosites
In the present study, Duaringa, Condor, Stuart and Byfield deposits have 
been examined at a reconnaissance level. The petrography of one sample 
each of Condor, Duaringa and Stuart have been analysed quantitatively 
and an additional five samples of Duaringa and five samples of Byfield 
were analysed qualitatively.
4.3a General Geology, Stratigraphy and Inorganic Petrology
The Stuart deposit occurs in the southern half of the Narrows Graben, 
adjacent to Rundle. The deposit is about 18 km long, 3 km wide (Ivanac,
1983) and more than 1000 m in total thickness. The stratigraphy is 
similar to that of the Rundle deposit and comprises the Curlew, Rundle 
and Worthington Formations. The Rundle Formation is divided into the 
same units for both deposits and the mineralogies are similar.
The Duaringa Basin has a half-graben form and is located about 100 km 
west of Rockhampton. The area of possible commercial interest is about
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180 km long and 20 km wide. Two oil shale seams are present within the 
uppermost 75 m of about 1200 m of flat-lying Tertiary sedimentary rocks. 
The lower seam, which is about 34 m thick and comprises three subunits, 
has more resources than the upper seam (Dixon and Pope, 1986). Quartz, 
kaolinite, montmorillonite, and illite are the major minerals present in 
Duaringa oil shales (Warne and French, 1985).
The Condor deposit is located about 15 km south of Proserpine and occurs 
in the Hillsborough Basin, which is a southeast-trending graben. The 
deposit is 16 km in strike length and extends 4 km down dip. The 
Tertiary sequence comprises three major units. The oil shale unit is 
subdivided into three subunits, largely according to colour (Green et 
al. , 1984). Mineral matter in the oil shales comprises mainly quartz, 
siderite, kaolinite and montmorillonite (Warne and French, 1985).
The Tertiary Byfield deposit, which is located about 160 km north of 
Gladstone occurs in a graben about 5 km long and 2 km wide. Two oil 
shale units are present: the lower unit is about 120 m thick and the 
upper unit is up to 110 m thick (Lindner, 1983). The dominant minerals 
in the oil shales are quartz, siderite, calcite, kaolinite and illite 
(Warne and French, 1985).
4.3b Organic Petrology
All the samples analysed from Condor, Duaringa (Plate 2g, h) , Byfield 
(Plate 3) and Stuart have lamalginite as the major maceral. Similar to 
the Rundle oil shales, they are all laminated on a microscopic scale and 
are all classified as lacosites. For the descriptive purposes of the 
present study, this suite of rocks is compared to Rundle oil shales but 
generalisations on a basin scale cannot be made because of the limited 
scope of sampling.
The Stuart, Duaringa, Condor and Byfield lacosites have many 
characteristics similar to those of Rundle oil shales. Fine-grained, 
epiclastic minerals form a matrix for dominant bright— to 
dull—fluorescing lamalginite. Lesser amounts of bitumen/resinite,
1iptodetrinite, intensely—fluorescing lamalginite, telalginite (except 
in the Condor sample), vitrinite, inertinite and sporinite are also
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present in the samples (Table 13). Other similarities to Rundle 
lacosites include maceral— mineral relationships, maceral morphologies 
and the origins and mode of occurrences of the macerals. Pediastrum has 
been identified by Hutton (1982b) in Condor, Duaringa and Byfield 
deposits as well as in Rundle— Stuart lacosites. Hutton (1984b) 
reported that the Condor deposit contains more carbonate and the 
Duaringa deposit contains less carbonate than other Queensland 
lacosites.
Fluorescence characteristics of liptinites in the suite of 'other 
Queensland lacosites' are generally similar to those of Rundle, except 
for the lamalginite in the Duaringa sample, which has a more green 
dominated fluorescence (Table 13). The other major difference between 
Rundle and the other lacosite samples studied is that a higher 
percentage of sporinite is present in the Duaringa samples.
From intensive studies on eastern Queensland lacosites, Hutton (1982b; 
1986b; 1988) reported additional information on these deposits. 
Byfield lacosites contain mainly Pediastrum-derived lamalginite, more 
bitumens than Rundle— Stuart oil shales, abundant carbonate and no 
ostracodes (Hutton, 1982b). Condor lacosites contain more bitumen than 
Byfield lacosites, some thickly layered, weakly-fluorescing lamalginite, 
abundant carbonate and no ostracodes (Hutton, 1982b). Condor and 
Byfield oil shales generally have less telalginite than Rundle lacosites 
(Hutton, 1985a) and Pediastrum and Septodinium are sources for some of 
the alginite (Hutton, 1988). The Duaringa deposit can be divided into 
two petrographically distinct lacosite types: the stratigraphically 
lower type is similar to Rundle lacosites and the upper type has a 
different organic matter assemblage. Pediastrum, Septodinium and 
Cleistosphaeridium are precursor algal types for alginite in the upper 
seam (Hutton, 1986b).
The suite of 'other lacosites' generally has a similar rank to that of 
Rundle lacosites (i.e. soft brown coal rank; Table 14); the value for 
the Duaringa sample however is possibly not as accurate as is commonly 
possible because of a paucity of discrete vitrinite phytoclasts. From 
more extensive studies, Hutton (1982b; 1985a) stated that R ax values
110
are generally greater for Byfield and Condor lacosites than for 
Rundle— Stuart lacosites.
4.3c Depositional History
The Condor, Duaringa and Byfield depositional basins, as well as the 
Narrows Graben, were all formed from tensional stress and associated 
block-faulting. The numerous petrological characteristics common to all 
of these deposits indicate that they were probably all deposited in 
similar environments.
The similarities in general petrology and age (i.e. middle to late 
Eocene; Lindner, 1983) of the deposits show that allocyclic factors 
were probably important for deposition of the oil shales. Active 
regional tectonism in Queensland during the late Cretaceous to Eocene 
was associated with opening of the Tasman Sea and a northward migration 
of the Australian plate. This tectonism created the grabens that formed 
the lake basins and was a major controlling factor on erosion, drainage, 
nutrient supplies and consequent productivity. The humid, tropical 
climate of the Eocene would have contributed to high productivities. 
The termination of active tectonism and an abrupt decline in temperature 
at the Eocene— Oligocene boundary (Lange, 1982) were probably important 
constraints on the deposition of lacosites in eastern Queensland.
Autocyclic factors such as local tectonism, drainage patterns, 
surrounding terrains, sedimentation rates and water chemistries were 
also important and account for the minor differences between the 
deposits. For example, the greater abundance of carbonate in some rocks 
of the Byfield and Condor deposits may indicate deposition in alkaline 
waters. The 'hard' water was probably caused by carbonate rocks in the 
surrounding terrains. The differences in water chemistry may account 
for the lack of ostracodes in these two deposits.
As for Rundle— Stuart lacosites, the depositional model proposed in the 
present study for the other Queensland lacosites does not involve 
vertically extensive anoxia. The redox boundary probably existed from 
within the sediments to slightly above the lake bottoms. Highly 
variable lake levels probably account for much of the laminae in all
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eastern Queensland lacosites. From evidence on petrologically similar 
oil shales, models for deposition of other lacosites are discussed in 
more detail in subsequent chapters.
Deposition of organic matter-rich rocks is related to a variety of 
autocyclic and allocyclic factors. Where a number of these coincide to 
yield high algal productivities and extensive organic matter 
preservation, oil shales are deposited. Detailed studies on local and 
regional tectonics, paleoclimates and stratigraphy would give insights 
into the possible coincidences of these factors such that more lacosite 
deposits could be targeted. These studies and the present study have 
significance for petroleum exploration as well as for oil shale 
exploration and exploitation.
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CHAPTER 5 LACQSITES AND RELATED ROCKS FROM THE GREEN RIVER FORMATION, 
USA
5.1 Introduction
The Green River Formation (GRF) lacosite deposit is the largest known
oil shale deposit in the world in terms of in situ potential resources.
9Yen and Chilingarian (1976) estimated a potential resource of 4000 x 10
barrels (636 x 109 m3) of shale oil in rocks that yield 40-400 litres
9 9 3per tonne, Robinson (1976) estimated 8000 x 10 barrels (1272 x 10 m )
9 9 3of total resources, of which 80 x 10 barrels (13 x 10 m ) were
"recoverable" at 1976 technology and the Environmental Protection Agency
9 9 3(1981) stated that 600 x 10 barrels (95 x 10 m ) constitutes the
"total identified resources in medium and rich shales", "recoverable by
currently known technology". Smith (1980) estimated the total,
9potential in situ shale oil resource of the GRF as 1800 x 10 barrels 
9 3(286 x 10 m ).
2The deposit has a lateral extent of about 42700 km (Shanks et al., 
1976) and was deposited over a duration of four to eight million years 
(Robinson, 1976). The areal extent of the GRF includes parts of
northwestern Colorado, southwestern Wyoming and northeastern Utah
(Figure 11). The oil shales are greater than 610 m thick in some places 
(Smith, 1974).
The first written description of the oil shales was made in the 
mid-1800s and numerous workers have studied the deposit since then. 
Most of this research has been on mineralogy and stratigraphy; work 
done on organic aspects has been largely oriented towards chemistry.
During the early 1980s, numerous pilot-scale mining and retorting 
operations were built at the deposit. In the mid- to late 1980s, the 
Unocal Parachute Creek plant was producing 4000-6000 barrels per day and
6 3up to 1988 had produced 1 x 10 barrels (160000 m ) of retort oil
(Knutson et al., 1987; 1989). Up to 1988, the New Paraho Corporation
had mined about 4000 tons of oil shale to yield about 1200 barrels 
3(190 m ) of oil (Knutson et al., 1989). As of the early 1990s, most 
other projects have been placed on 'standby' or have been scaled down.
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5-2— General Geology, Stratigraphy and Inorganic Petrology
The oil shales are organic matter—rich marlstones and are present within 
the GRF, which exists in four separate basins. The GRF overlies the 
Wasatch Formation in the Green River and Washakie Basins, the Flagstaff 
Formation in the Uinta Basin and the Colton Formation in the Piceance 
Creek Basin (Figures 12 and 13). The Lower Eocene Colton and Wasatch 
Formations comprise mainly fluvial sandstones, siltstones and shales. 
In places, the Colton Formation laterally grades into Flagstaff 
Formation limestones.
The GRF consists of two lenticular bodies, each of which was deposited 
in a separate lake system: Lake Gosiute and Lake Uinta. The Uinta 
Uplift separates the two lenses. The GRF was deposited during the Lower 
and Middle Eocene and has a highly variable lithology. It is however 
composed mostly of shales and dolomitic marlstones. Stratigraphies of 
the two lenses are markedly different (Figures 12 and 13).
The rocks deposited in Lake Uinta (i.e. those in the Uinta and Piceance 
Creek Basins) are divided into four major members (Figure 12) and 
contain the majority of the potential shale oil resource. The Douglas 
Creek Member is lowermost and comprises sandstones, siltstones, shales 
and oolitic, algal and ostracode-rich limestones. It was deposited in a 
nearshore or shallow water lacustrine environment (Shanks et al.. 1976). 
The Douglas Creek Member laterally grades into a deltaic facies which in 
turn grades into a 'black shale' or a 'green shale' facies. The 
overlying Garden Gulch Member consists mainly of shales with interbeds 
of marlstones and interbeds of lithologies similar to those of the 
underlying Douglas Creek Member.
Dolomitic marlstone with oil shale interbeds, are the major lithologies 
of the Parachute Creek Member but the lower part also contains some 
bedded evaporites. The Mahogany Ledge (not shown in Figure 12) is 
present in the upper part of the Parachute Creek Member and is the 
highest grade section of the sequence. The Evacuation Creek Member is 
uppermost in the formation and comprises mainly sandstone, siltstone, 
shale and marlstone. In the Uinta Basin, the Uinta Formation overlies 
the GRF but in the Piceance Creek Basin it has been largely eroded 
(Shanks et al., 1976).
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The GRF rocks deposited in Lake Gosiute (i.e. those of the Green River 
and Washakie Basins) are divided into four members and one tongue 
(Figure 13). The Ramsey Ranch Member is lowermost and mainly consists 
of shales, sandstones and coquinal limestones. It is mostly overlain by 
the Luman Tongue, which comprises mudstones, siltstones, sandstones and 
low-grade oil shales along with minor amounts of interbedded tuff and 
high-grade oil shales. The Tipton Shale Member directly overlies the 
Luman Tongue and mainly comprises shale, marlstone, algal marls, oolitic 
marls and ostracode-rich marls. In places, these lithologies are 
interbedded with sandstone, tuff, shale and minor amounts of oil shale. 
The Wilkins Peak Member overlies the Tipton Shale Member and is mainly 
composed of dolomitic mudstones and marls along with some thickly bedded 
evaporites and high-grade oil shales. The uppermost unit of the GRF 
deposited in Lake Gosiute is the Laney Shale Member. This unit contains 
dolomitic marlstones, shales, muddy sandstones, low-grade oil shales and 
numerous tuff interbeds. In the Green River and Washakie Basins, the 
GRF is overlain by the Bridger Formation.
Minerals in the GRF lacosites mainly comprise dolomite, calcite, quartz, 
illite, alkali feldspar, K-feldspar, pyrite and analcite. Some beds of 
evaporitic minerals, such as dawsonite, nahcolite and trona, are of 
commercial interest. In places, ankerite, siderite and aragonite are 
common (Dean and Fouch, 1983; Jeong and Kobylinski, 1983). In general, 
75% of the minerals are silt sized, 17% are clay sized and 8% are fine 
sand sized (Robinson, 1976).
Fossil remains in the GRF and interfingered fluvial deposits include 
those of crocodiles, turtles, birds, molluscs, ostracodes, insects, 
higher-plant matter, algae, stromatolites, mammals and 12 genera of 
fish.
Sedimentary structures in the GRF include flat-pebble conglomerates, 
stromatolites, ooliths, pisoliths, interference and oscillation ripples 
(Lundell and Surdam, 1975), pinch and swell structures, traction-load 
bedding structures (Smoot, 1978), breccias, mud cracks (Eugster and 
Hardie, 1975), turbidites, including graded—bedding and drag structures, 
(Dyni and Hawkins, 1981), deltaic structures (Surdam and Stanley, 1979), 
fine laminae and slump structures (Plate 3a). The laminae are largely
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associated with variation in abundance of lamalginite. They range in 
thickness from less than 1 mm up to 1 cm and the lamalginite abundance 
ranges from sparse up to 90% by volume.
5.3 Organic Petrology
5.3a General
A suite of 17 cuttings samples of GRF lacosites and associated rocks 
were analysed in the present study with an emphasis on organic 
petrology. They were sampled from Blacks Fork-1 borehole (Figure 14), 
which was drilled by the Laramie Energy Technology Centre. The cuttings 
are from over an interval of 437 m and include rocks from the Laney 
Shale Member, Wilkins Peak Member and Tipton Shale Member. A high-grade 
spot sample from the Colony Mine, Colorado and a suite of 
'miscellaneous' samples associated with GRF lacosites were also studied 
quantitatively; various other miscellaneous samples were examined 
qualitatively.
Similar to Rundle lacosites, GRF lacosites are composed mainly of 
lamalginite with clay/silt-sized minerals (Plate 3). The major 
differences between the deposits are that the types of lamalginite and 
minerals are dissimilar and that bitumen is generally more abundant in 
GRF lacosites (Table 15).
Other similarities of the GRF samples to the Rundle samples studied are 
that the fluorescence, textural and morphological characteristics of 
alginite are generally as variable within one sample as for the complete 
section studied. The morphology of alginite however is more variable in 
the GRF rocks and therefore the lamalginite has been divided into 
'band-lamalginite' and 'undifferentiated lamalginite' (Table 16). The 
fluorescence intensities of much of the lamalginite in the GRF are two 
to three times that of lamalginite in the Rundle deposit.
The undifferentiated lamalginite resembles that in Rundle lacosites and 
has discrete form with well-defined boundaries (Plate 3b, c, d). It 
commonly exists as lamellae less than 0.005 mm thick and mainly 
fluoresces medium greenish yellow and medium orange. Unlike most
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lamalginite of the Rundle deposit, the GRF variety may be up to 1.0 mm 
or more in length (Plate 3b). The undifferentiated lamalginite is not 
as abundant as band-lamalginite, especially in high-grade samples, but 
in some medium— to low-grade samples, undifferentiated lamalginite is 
dominant (Table 16).
Undifferentiated lamalginite is disseminated throughout the lacosites 
and is intimately interlaminated with the minerals (Plate 3c) . In a 
strew mount of a high-grade sample from the Colony Mine, processed forms 
of undifferentiated lamalginite are recognisable but specific botanical 
affinities are indeterminate. The small varieties of lamalginite are 
probably derived from planktonic sources whereas the longer varieties 
may be planktonic or benthonic. Some of the differences in textural 
characteristics between GRF and Rundle lacosites may be related to the 
different characteristics of associated minerals. Some lamalginite in 
the GRF samples has a stylolitic nature. This morphology could be 
related to diagenetic dissolution of mineral matrices and subsequent 
concentration of organic matter along stylolitic interfaces. Hutton 
(1982b) suggested that some lamalginite originates from freshwater 
dinoflagellates and Bradley (1964, cited in Hutton, 1982b) identified 
Pediastrum in some GRF samples.
The main differences between band-lamalginite and undifferentiated 
lamalginite are that, band-lamalginite is thicker (generally 0.005 to 
0.5 mm thick), is more continuous along bedding planes and has more 
highly variable fluorescence colours which range from medium yellow to 
dull green (Plate 3e, f, g) . High-grade rocks contain mainly 
band-lamalginite (Plate 3f) but one medium-grade sample (9676) and 
several low-grade samples contain undifferentiated lamalginite as the 
only form. The extensive length and width of band-lamalginite indicate 
that it is possibly derived from a mat-forming precursor. The mat could 
have been benthonic or planktonic such as a floating sedge near or at 
the lake surface. The lack of structure and large size of 
band-lamalginite could also be due to depositional, diagenetic or in 
some cases maturation effects.
In some samples, undifferentiated lamalginite and band-lamalginite have 
similar optical properties and transitional material, is present.
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Similar to alginite in some high-grade Rundle samples, the lamalginite 
may have lost some of its morphology in alginite-rich beds because of 
interference effects of compacted algae or alteration into an algal ooze 
before or during diagenesis.
Syndepositional and postdepositional biodegradation may have contributed 
to the formation of band-lamalginite. Enzymes formed by microorganisms 
can alter organic matter into colloids (Moore, 1969). Bacterial 
reworking of the organic matter is suggested by an abundance of acyclic 
isoprenoids in retort oils of a sample from the Mahogany Ledge (Ingram 
et al. , 1983). The presence of structured, well-defined lamalginite 
within band-lamalginite indicates that biodegradation or other 
depositional and diagenetic effects were not extensive. If these 
processes occurred, they were restricted to specific types of algal 
precursors. In mature parts of the GRF, devolatilisation and 
hydrocarbon generation could have caused the lamalginite to have 
indistinct morphology.
Bitumen is ubiquitous throughout the GRF lacosites studied but commonly 
is present in quantities of less than 5% by volume (Table 16). Some 
large lenses of bitumen, up to 10 cm in diameter, are present above the 
Mahogany Ledge at the Colony Mine. In some rocks, bitumen is the major 
organic component and forms a matrix for the minerals (Plate 3h) . 
Bitumen mainly occurs as infillings of pores in the coarse-grained 
sediments and infilling rock fissures. It has a variable fluorescence, 
which ranges from bright yellow to dull brown (Plate 3i), but most 
commonly fluoresces yellow to orange (Table 16). The bitumen is not 
soluble in immersion oil and has a low reflectance, generally less than 
0.05%; it is therefore classified as wurtzilite, which is an asphaltic 
pyxobitumen (after Jacob, 1989). Gilsonite, ozocerite and albertite are 
also present in the sedimentary rocks of the Uinta Basin (Khorasani, 
1984b) . Much of the bitumen probably has a low solubility in the 
solvents commonly used for organic geochemical work.
Bitumen is a secondary product formed from 'cracking' of organic 
polymers and subsequent mobilisation. If the wurtzilite originated 
exclusively from in situ maturation of lamalginite, the ratio of 
wurtzilite to alginite should increase with depth (assuming little or no
PLATE 3 Photomicrographs of Some Lacosites and Related Rocks from the Green River Formation, USA
a. Saaple 12429 (spot sample from Colony Nine)
Slump features. Individual lamellae of lamalginite can not be distinguished at this magnification. Lamalginite/mineral matrix (greenish 
yellow), vitrinite (black stringers) and highly-reflecting minerals (black) are present.
Field width = 2.5 mm; fluorescence-mode (air objective); perpendicular to bedding
b. Sample 6729 (spot sample)
Lamalginite (medium orange to medium yellow), bitumen (lower right corner, orange), vitrinite (black stringers) and highly-reflecting (black 
flecks) and other minerals.
Field width = 0.89 mm; fluorescence-mode; perpendicular to bedding
c. Saisie 6729 (spot sample)
Similar field as (b) at a higher magnification, showing lamalginite (yellow), liptodetrinite (yellow flecks), vitrinite (black) and minerals. 
Field width = 0.18 mm; fluorescence-mode; perpendicular to bedding
d. Sample 9678 (well cuttings sample; Blacks Fork No. 1; 116.7-117.1 m)
Lamalginite (orange), liptodetrinite (orange flecks), shell fragments (?ostracode; elongate laths) and highly-reflecting (black) and other 
minerals.
Field width = 0.22 mm; fluorescence-mode; perpendicular to bedding
e. Sample 9681 (well cuttings sample; Blacks Fork No. 1; 162.2-162.5 m)
Bifurcating band-lamalginite (orange) around mineral grains, liptodetrinite (orange flecks) and vitrinite (black).
Field width = 0.22 mm; fluorescence-mode; perpendicular to bedding
f. Sample 12069 (spot sample; Mahogany Ledge, Colony Mine)
Band-lamalginite (bright greenish yellow), vitrinite (black stringers) and highly-reflecting (black flecks) and other minerals.
Field width = 0.26 mm; fluorescence-mode; perpendicular to bedding
g. Sa^île 9685 (well cuttings sample; Blacks Fork No. 1; 227.0-227.6 m)
Dull green-fluorescing band-lamalginite, undifferentiated lamalginite (yellow), vitrinite and minerals.
Field width = 0.34 mm; fluorescence-mode; oblique to bedding
h. Sa^)le 9679 (well cuttings sample; Blacks Fork No. 1; 149.2-149.5 m)
Bitumen (orange) interstitial to carbonate laths and other minerals.
Field width = 0.23 mm; fluorescence-mode; oblique to bedding
i. Saaple 12432 (spot sample from Colony Nine)
Bitunen (dull brownish orange and medium yellow) and coarse-grained minerals (lower right corner).




migration and typical geothermal gradients and maturation patterns). 
This trend is not apparent for the limited number of samples analysed in 
the present study. Additional sampling, with tight stratigraphic 
control, over larger stratigraphic sections is necessary for further 
interpretations to be made. If the bitumens originated from other 
rocks, the source may be in other parts of the GRF (e.g. down section or 
from areas of localised temperature increases) or in other formations. 
If migration occurred, the wurtzilite probably represents a residual 
heavy fraction of the migrated hydrocarbons. Some waxy, high pour-point 
oils have been produced from the GRF. The oils probably occur in 
fracture porosity developed as a result of the process of oil generation 
(Robinson, W., pers. comm., 1980).
Bitumen that has gradational contacts with alginite may have formed in 
situ from maturation or it may have migrated from another location and 
dissolved the alginite upon deposition.
Liptodetrinite is ubiquitous in the GRF samples and is present as 
disseminations. It is commonly present in sparse amounts and has 
fluorescence characteristics similar to those of the associated 
lamalginite (Table 16; Plate 3). Liptodetrinite probably originates 
mainly from comminution of alginite but considerable amounts are 
probably very small bitumen pods. Minor amounts may be derived from 
algal spores.
Sporinite is rare and is disseminated throughout the oil shales. It 
mainly fluoresces medium yellow in the samples from the upper part of 
the section studied and medium orange in rocks sampled from the lower 
part. It originates mainly from spore and pollen grains introduced into 
the basin by wind and water currents.
Humic matter is ubiquitous throughout the samples (Plate 3) and ranges 
from sparse to 4% by volume (average of 1-2%). It commonly occurs as 
stringers less than 0.01 mm in thickness and up to 1 mm long (Plate 3b). 
Some of the 'vitrinite' stringers probably originate from littoral, 
rigid—stemmed water plants such as bullrushes, cattails, reeds and other 
rooted, aquatic vegetation, or from floating sedges. Vitrodetrinite, 
inertodetrinite and semifusinite are present in trace amounts. Some of
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this humic matter probably originates from higher-plant material that 
was washed into the basin. Unlike the Rundle deposit, coal seams are 
not present in the GRF sequence but the proportion of dispersed 
'vitrinite' is commonly greater in GRF lacosites than in Rundle 
lacosites. Lignin-like material in lake sediments from Mud Lake in 
Florida, USA possibly originates from a reaction of amino acids with 
humic acids (Bradley, 1970).
Similar to Rundle lacosites, background fluorescence is pervasive 
throughout the GRF rocks (Plate 3). The effect however is more 
pronounced in GRF samples. This increase is probably due to the larger 
amounts of bitumen adsorbed onto, and occurring interstitial to mineral 
grains and possibly also due to the greater translucency of much of the 
mineral matter in GRF samples. Similar to the bitumen in the rocks, 
background fluorescence undergoes negative alteration, followed by 
positive alteration upon prolonged fluorescence irradiation.
Band-lamalginite and undifferentiated lamalginite are the major sources 
of retorted hydrocarbons from GRF lacosites (Table 16). In some of the 
oil shales, bitumen is a primary or secondary source but in general, 
bitumen as well as other organic matter that causes background 
fluorescence, liptodetrinite, sporinite and to a lesser extent humic 
matter, are all minor sources.
A summary of maceral and mineral composition, dominant fluorescence 
colours and modified Fischer Assay yields is presented in Table 16.
5.3b Descriptions of Samples
5.3b i cuttings from Blacks Fork-1 borehole
The samples from the Laney Member and the Wilkins Peak Member 
(9675-9687) have oil yields that range from 0.8 to 122.3 litres per 
tonne. The high-yield samples have large percentages of liptinite, 
which largely comprises band-lamalginite.
Shell fragments, which possibly originate from ostracodes, are 
associated with alginite-rich grains in sample 9678 (Plate 3d).
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Mineral-rich laminae and mineral-rich lenses in the high-grade samples 
mainly comprise interlocking anhedral to subhedral carbonate grains in 
clay-sized matrices. Pyrite/other highly-reflecting mineral matter is 
ubiquitous throughout all of the samples but is more abundant in the 
higher-yielding ones, which contain up to 5% by volume. It is present 
in massive, dendritic and framboidal forms (Plate 3).
Undifferentiated lamalginite is mainly present in low- to medium-yield 
samples and within mineral-rich layers of high-grade samples. Samples 
9680, 9682, 9683 and 9686 are low-yield lacosites that contain minor 
amounts of undifferentiated lamalginite. The depositional environment 
was not suitable for prolific algal growth during sedimentation of 
mineral-rich beds but some algae were able to survive. The minerals in 
the low-grade samples are generally similar to those of the high-yield 
samples.
Sample 9686 contains several grains that are rich in band-lamalginite. 
These grains probably caved into the drillhole from stratigraphically 
higher horizons.
Bitumen occurs in all samples and is the major type of organic matter in 
sample 9677 and in some of the 'miscellaneous' samples.
The four samples of the Tipton Shale Member (samples 9688-9691) are 
mineral rich. Organic matter is present in minor amounts and comprises 
mainly undifferentiated lamalginite and band-lamalginite. Samples 9688 
and 9690 are massive and contain only traces of alginite whereas samples 
9689 and 9691 are laminated due to variation in alginite abundance. The 
abundance is up to 10% in some of these laminae but on a whole-rock 
basis, is only rare to sparse.
5.3b ii miscellaneous samples
Sample 9744 is from a saline mineral section of the Parachute Creek 
Member. It is composed of interlaminated mineral matter-rich and 
organic matter—rich lithologies. The laminae rich in organic matter 
range from 0.001 to 0.01 mm thick and comprise mainly band lamalginite 
and undifferentiated lamalginite. The alginite fluoresces, yellow, green
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and brown. The mineral-rich laminae are composed of mainly euhedral to 
anhedral, silt-sized grains in a clay-sized matrix. Dull 
orange-fluorescing wurtzilite is disseminated throughout mineral-rich 
layers and is interstitial to the mineral grains.
Sample 9745 is from Sulphur Creek-10 drillhole (location unknown) and 
mainly contains massive bitumen (wurtzilite) with disseminated pyrite. 
The wurtzilite has a reflectance of 0.06% and has a mottled, medium 
yellow to greenish yellow fluorescence. Macroscopically, the bitumen 
appears as a black nodular mass.
Sample 9746 is also from Sulphur Creek-10. It is composed mainly of
wurtzilite and humic matter. The dull orange-fluorescing bitumen is
massive and interstitial to mineral grains. Vitrinite-rich laminae are
also present and comprise about 60% eu-ulminite (R = 0.20%), 20%* V,max
corpogelinite, 10% porigelinite and minor amounts of texto-ulminite, 
resinite infilling cell lumens and exsudatinite.
Sample 9747 is from Mobil Corehole-E (location unknown) and was labelled 
as "lens with bitumen impregnated rim" by W. Robinson (pers. comm., 
1980). The lens comprises mainly dull orange-fluorescing wurtzilite, 
carbonate, pyrite and clay/silt-sized minerals. The rim is composed of 
interlaminated alginite-rich and alginite-poor lithologies. The laminae 
range in thickness from 0.5 to 2.0 mm. The undifferentiated lamalginite 
fluoresces medium yellow to greenish yellow and the band-lamalginite, 
which is up to 0.05 mm in thickness, mainly fluoresces medium yellow to 
dull green. Mineral-rich layers comprise euhedral to anhedral 
silt-sized grains in a bitumen and clay-sized mineral matrix.
Sample 9748 was sampled from Humble Yellow Creek-1 drillhole (location 
unknown) and was labelled as "black vitreous organic seam" by 
W. Robinson (pers. comm., 1980). The 'seam' comprises two, thin 
vitrinite-rich laminae associated with fine-grained carbonate and 
bitumen. The humic stringers comprise about 65% eu-ulminite 
(R.. = 0.24%), 20% corpogelinite, 15% porigelinite and minor resiniteV f  ill cl X
and texto-ulminite.
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Sample 9749 is a black organic nodule from Equity Bores (location 
unknown) and contains mainly wurtzilite, fine-grained pyrite and 
discrete carbonate. The bitumen is massive and is present as a matrix 
for the minerals. It has a reflectance of about 0.06% and has a mottled 
medium yellow to yellowish green fluorescence.
Sample 9750 was labelled as "oil shale with black organic streak" by W. 
Robinson (pers. comm., 1980) and is from Humble Ryan Ridge (location 
unknown). The 'black streak' comprises mainly eu-ulminite and 
corpogelinite with lesser amounts of porigelinite, sclerotinite, 
resinite and exsudatinite. Lacosite in the sample is typical of 
high-grade samples from Blacks Fork-1. Band-lamalginite,
undifferentiated lamalginite, humic matter and traces of sporinite are 
present. The liptinite fluoresces mainly medium yellow. Inorganic 
matter comprises predominantly silt-sized carbonate, clay-sized minerals 
and minor pyrite.
Sample 9751 is from United States Bureau of Mines, Wyoming-10 drillhole 
(location unknown) and was labelled as "organic streak in brown 
dolomitic mudstone" by W. Robinson (pers. comm., 1980). The 'organic 
streak' is composed of about 95% texto-ulminite, 4-5% corpogelinite and 
minor resinite. Organic matter-poor portions of the sample comprise 
dominantly clay/silt-sized minerals.
Sample 12069 is part of a bulk sample of rich oil shale from the Colony 
Mine in Colorado; its maceral composition and fluorescence colours are 
presented in Table 16.
Some additional lacosites from the Colony Mine were qualitatively 
studied. Loop-bedding, small folds, other slump structures and possible 
erosional contacts are present in some of these additional samples 
(Plate 3a).
5.3c Maturation
The mean maximum vitrinite reflectance values for the GRF lacosites and
related rocks ranges from 0.18 to 0.33% (Table 17). Similar to the
R data for Rundle lacosites, the reflectance data do not indicate
V,max
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systematic relationships with alginite abundance nor with depth. 
Differences in vitrinite type (e.g. higher-plant versus aquatic origin) 
and a regional depression of vitrinite reflectance by absorbed bitumen 
could mask any possible trends.
The lack of a depth— R relationship may be partly due to theV, max
limited depth of the section studied and a low geothermal gradient. 
Robinson (1976) stated that appreciable maturation has not occurred 
because the temperature at the base of the GRF is only about 90-125° C. 
Assuming rapid burial with a constant geothermal gradient, this 
temperature, used with Karweil's model (see Bostick, 1973) indicates 
that the lower part of GRF should be at least marginally mature for oil 
generation.
The lack of a relationship between alginite abundance and R , asV,max
found by Hutton and Cook (1980) for some other oil shales, may be caused 
by widespread effects of bitumen impregnation, a limited range in ratios 
of alginite abundance to vitrinite abundance in the samples studied and 
by differences in the effects of telalginite and lamalginite. If some 
of the bitumens in the lacosites were formed in situ, the rank is 
greater than that indicated by vitrinite reflectance data. Vitrinite 
reflectance data of samples of sandstones from the top of the GRF at the 
Colony Mine indicate that much of the GRF section may be mature (Ingram, 
1981) .
Fluorescence characteristics of the band-lamalginite and lamalginite are 
highly variable, even within one sample; the fluorescence colours do 
not systematically vary with depth. As stated in Chapter 4, 
fluorescence colours depend upon progenitor material, environment of 
deposition, diagenesis and maturation. The dull green fluorescence of 
some varieties may be the result of the precursor material (e.g. 
benthonic mat rather than planktonic algae), mode of preservation, 
biodegradation, oxidation or a combination of these effects. The 
presence of dull green-fluorescing lamalginite and other lamalginite in 
the same laminae indicate that differences in progenitors were at least 
contributing factors.
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Fluorescence characteristics of the sporinite are more indicative of a 
rank variation with depth. Medium yellow-fluorescing sporinite is 
dominant in the upper samples and medium orange and dull orange 
varieties are dominant at depth. This trend probably indicates a slight 
rank variation although the fluorescence data are limited and 
qualitative.
5.4 Depositional History 
5.4a Introduction
Evidence on paleobiology, lithology and sedimentary structures shows 
that Green River Formation (GRF) lacosites were deposited in lacustrine 
environments (Bradley, 1964; 1970; 1973; Eugster and Surdam, 1973; 
Smith, 1974; Surdam and Wolfbauer, 1975; Eugster and Hardie, 1975; 
Robinson, 1976; Desborough, 1978; Buchheim and Surdam, 1981; Smith, 
1983; Dean and Fouch, 1983; Cole, 1984; Eugster, 1985). Many of the 
differences that exist between the Rundle and GRF deposits (Table 15) 
have implications on interpretations of the paleoenvironments.
Studies on organic and inorganic petrology reveal that depositional 
environments for the GRF were more complex than those for the eastern 
Queensland lacosites. The abundance of carbonate, which mainly 
comprises dolomite and calcite, and the presence of autochthonous saline 
minerals in GRF rocks indicate that some physical— chemical constraints 
apply to the ancient lake system. A complex depositional model for the 
GRF is also suggested by the large variations in lamalginite type, most 
of which are not specifically identifiable as either planktonic or 
benthonic. Other characteristics of the GRF deposit different from 
those of the Rundle deposit include a larger deposit size, laminae that 
are more distinct and more continuous, humic matter generally present as 
laminae that are thinner and more continuous, the textural relationships 
of lamalginite with minerals, the absence of telalginite and the higher 
estimated rank (Table 15).
Although numerous workers have agreed on a lacustrine origin for the 
GRF, much controversy exists about the factors required to explain the 
lithologic features. The major disagreement involves the ancient lake
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levels (i.e. models that involve playa lakes versus permanently 
stratified lakes) but contention also exists with regard to lake size, 
physical— chemical conditions (e.g. pH, Eh, nutrient availability and 
salinity), main organic precursors (i.e. planktonic algae versus 
benthonic algae or other organisms), hydrographic factors and climate. 
Most work done to date on GRF oil shales has been on mineralogy, 
stratigraphy and paleontology with some organic geochemistry. Organic 
petrological studies can augment the existing knowledge and aid in the 
resolution of some paleoenvironmental issues.
If the interpretations made in the literature, from sedimentary 
structures are correct, at least some of the GRF rocks were deposited in 
very shallow water. This is evidenced by the presence of stromatolites, 
ooliths, pisoliths and interference and oscillation ripples; periodic 
desiccation is evidenced by mud cracks, breccias and flat—pebble 
conglomerates (Lundell and Surdam, 1975). Because of the presence of 
these desiccation features and other sedimentary structures, many 
studies have suggested a playa or shallow lake model to account for much 
of the carbonate, saline mineral and oil shale deposition (e.g. Eugster 
and Surdam, 1973; Eugster and Hardie, 1975; Surdam and Wolfbauer, 
1975; Lundell and Surdam, 1975; Smoot, 1978; Surdam and Stanley, 
1979; Buchheim and Surdam, 1981; Eugster, 1985). Some of the 'mud 
cracks' however are possibly slump structures or syneresis cracks, 
although according to Shinn (1983) syneresis cracks have not been 
documented from carbonate muds. Some of the brecciation may have been 
caused by turbidity currents (Dyni and Hawkins, 1981).
Other workers have favoured a model that involves a deep, permanently 
stratified lake (meromictic model). This model has been largely based 
on the distribution of calcium, magnesium and iron carbonates, presumed 
anoxicity (inferred from the presence of pyrite, abundant organic matter 
and undisturbed laminae,), high paleosalinities, lateral continuity of 
laminae and fossil evidence such as freshwater fish remains in 
association with saline minerals (e.g. Smith, 1974; Desborough, 1978; 
Boyer, 1982, in part; Smith, 1983; Cole, 1984). Rapid sedimentation 
of mineral-rich layers and intermittent bioturbation however may cause 
laminae and as suggested in Chapter 4, anoxicity may have existed in 
microenvironments.
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The advocates of a meromictic model have attributed much of the 
stratification of the GRF to physico-chemical changes in the 
monimolimnion and mixolimnion, rather than to lake level changes as 
promoted by playa advocates. Much of this controversy is caused by the 
various workers having studied different facies or different parts of 
the stratigraphic section and extrapolating to outside of their study 
areas. The two different models imply different lake levels, redox 
potentials and organic matter precursors as well as different mechanisms 
for deposition and preservation of saline minerals, carbonates and 
organic matter.
5.4b Genesis of Mineral Matter
Carbonate in marl lakes is generally sourced from inorganic 
precipitation and bio-induction with lesser amounts from biogenic and 
allochthonous deposition (Dean and Fouch, 1983). The relative amounts 
of each of these contributions inferred for GRF rocks varies according 
to the model interpreted and the facies studied.
GRF rocks may be divided into limnetic/profundal facies (open water; 
deeper than the extent of rooted plants), littoral facies and 
epilittoral/supralittoral facies (Figure 15). The epilittoral facies is 
characterised by desiccation features (e.g. mud cracks and flat-pebble 
conglomerates) and coarse-grained, dolomite-rich sedimentary rocks. The 
littoral facies commonly contains medium- to coarse-grained minerals, 
pseudomorphs after saline minerals, strand-line deposits, ooliths, 
pisoliths, ripple marks, stromatolites, carbonate-encrusted logs, plant 
remains such as horsetails and cattails, abundant ostracodes, fish bones 
(largely of fish fry), insect larval remains and terrestrial vertebrates 
(Buchheim and Surdam, 1981). Diagnostic features of the limnetic 
paleoenvironment include well-laminated, fine-grained carbonate and 
remains of adult fish such as catfish, Knichtia and 'sucker—fish 
(Buchheim and Surdam, 1981).
According to the meromictic model, the majority of organic matter—rich 
rocks are part of a profundal facies of a deep lake; the amount of 
carbonate in the rocks generally depends upon the balance of rates of 
carbonate precipitation in the mixolimnion and dissolution in the
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monimolimnion. Dissolution and precipitation of calcite is governed by 
the equilibrium equation
+ 2Ca + 2HC0, - -------*■“ CaCO„ + H„0 + CCL3 -=------- 3 2 2
The equilibrium equation for dolomite is
Ca+2 + Mg+2 + 4HC03 - ^ ^ CaMg(CC>3)2 + 2H20 + 2C02
The factors that govern these equations include COconcentration, 
temperature and pH. Photosynthesis in 'hard-water' lakes can cause a 
decrease in dissolved C02 and an associated pH rise, such that 
bio-induced carbonate precipitates. Bio-induced carbonate precipitation 
(Figure 16) was especially important during eutrophication and 
hypertrophication. Inorganically precipitated carbonate was probably 
the prevalent phase during oligotrophic stages (Figure 17) and would 
have been caused by high levels of dissolved carbonate due to weathering 
of adjacent terrain and by other physical changes.
Carbonate dissolution in monimolimnions is generally caused by 
decomposition of organic matter and leads to increases in C02 
concentration and associated decreases in pH. The abundance of organic 
matter therefore depends upon the balance of organic productivity (and 
the associated precipitation of bio-induced carbonate which 'dilutes' 
the organic matter) with organic matter degradation (and the associated 
carbonate dissolution).
Low-magnesium calcite is commonly the dominant carbonate in profundal 
sediments (Dean and Fouch, 1983) but dolomite is generally the major 
carbonate phase in GRF lacosites (Desborough, 1978). During the 
Holocene in Lake Balatron, Hungary, low magnesium calcite has
precipitated during periods of high water levels and high magnesium 
calcite has precipitated during periods of low water levels and during 
algal blooms (Muller and Wagner, 1978). If a lake has high magnesium to 
calcium ratios, as expected for the sodic Lake Gosiute and Lake Uinta, 
dolomite is likely to precipitate. During diagenesis, magnesium may be 
donated to carbonate by the chlorophyll in organic matter (Desborough, 
1978). The Mahogany Ledge, which is the richest GRF seam, contains
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ankerite as the major carbonate (Dean and Fouch, 1983). Desborough 
(1978) proposed that the presence of iron carbonate is an indicator of a 
reducing environment but as mentioned in Chapter 4, anoxia that extends 
into the water column is not necessary. In the meromictic model, 
precipitation of alkaline carbonates, alkaline bicarbonates and other 
alkaline autochthonous minerals are explained by the evolution and 
concentration of brines in monimolimnions.
According to the playa lake model, littoral and epilittoral facies were 
the major depositional environments of the GRF (Figure 18). In these 
settings, calcite and dolomite may have precipitated as mentioned above 
for the limnetic environment but allochthonous and biogenic carbonate 
may have been major contributors. Autochthonous carbonate is abundant 
in littoral environments generally because of the high temperatures that 
decrease carbonate solubility and because of the buffering effects of 
the large inputs of allogenic and biogenic carbonate. If abundant 
organic matter was degraded in the littoral sediments, enough carbon 
dioxide could have been generated to increase the solubility of 
carbonate such that it dissolved during diagenesis. This dissolution 
would have caused a concentration of organic matter in the sediments.
The importance of the presence of organic matter with regard to 
carbonate dissolution is indicated by the inverse relationship between 
organic matter and carbonate abundances (in relation to other minerals) 
in some samples of Mae Sot Basin oil shales (Chapter 6) as well as in 
some samples of the GRF (Jeong and Kobylinski, 1983). Common biogenic 
contributors to littoral facies include ostracodes, molluscs, algal 
bioherms and Chara (Dean and Fouch, 1983). Ostracodes and stromatolites 
are important constituents of nearshore sedimentary rocks of the GRF.
For the GRF lacosites, most advocates of the playa lake model have 
agreed that dolomite was transported into the littoral and limnetic 
environments from the epilittoral areas (e.g. Eugster and Hardie, 1975; 
Smoot, 1978; Surdam and Stanley, 1979). They have based this 
interpretation of carbonate genesis on the assumption that playa lake 
environments existed and on carbonate textures such, as the fining of 
grain size towards the depocentre, silt- to sand-sized micrite peloids 
and traction-load bedding structures. Dolomite in the epilittoral
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environment was formed by evaporative pumping (Surdam and Stanley, 
1979). It precipitated from ground waters sourced from the 
carbonate-rich surrounding mountains (Smoot, 1978), from brine pools 
associated with spring activity and during transgression as dolomite 
from the mud flats was dissolved and reprecipitated (Surdam and Stanley, 
1979). Dolomite may also have precipitated directly from solution or 
could have formed diagenetically with the addition of magnesium from 
organic matter. Figures 18 and 19 show the depositional model for GRF 
lacosites deposited at low lake levels.
In the model proposed in the present study, carbonate in GRF lacosites 
was formed by limnetic processes during expanded stands and proximal to 
depocentres (at times in a stratified lake) and by littoral/epilittoral 
processes during low stands and at the lake margins. If the various 
mechanisms for carbonate deposition are considered with respect to 
facies dominance (e.g. littoral/epilittoral/limnetic) rather than to 
generalised depositional environments, both models can be applied 
(Figures 15-19). Some of the carbonate-forming mechanisms suggested by 
advocates of one model can be equally applied to the other model.
Genesis of the saline minerals in the GRF is also a controversy. In the 
meromictic model, these minerals formed from physico-chemical changes 
and brine concentration in the monimolimnion, whereas in the playa lake 
model, they formed by brine concentration caused by evaporative 
processes. Both of these processes may have taken place, although at 
different times and in different facies.
5.4c Origin and Preservation of Organic Matter
The playa and meromictic models differ widely with regard to 
interpretations of organic matter sources and modes of preservation.
For the meromictic lake model, most organic matter originates from 
planktonic algae, possibly during seasonal blooms. According to this 
model, the organic matter settled through the water column into the 
monimolimnion and was preserved largely because of anaerobic conditions. 
As suggested in Chapter 4, permanent lake stratification is not 
necessary for the preservation of phytoplankton. For the deposition of
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GRF lacosites, anaerobic sediment conditions existed to some extent, for 
at least some of the beds. This is evidenced by the lack of sulphate 
and the presence of ankerite and pyrite. Smith (1974, 1983) stated that 
the occurrence of sulphide indicates an Eh of less than -0.3 volts. The 
presence of the remains of benthonic fish such as catfish and suckers 
(Buchheim and Surdam, 1981), pinch and swell structures from gentle 
currents (Smoot, 1978), possible oxidised organic matter, such as 
dull-fluorescing lamalginite, and possible ostracode shell fragments, 
each of which are associated with the oil shales, indicate aerobic or 
possibly dysaerobic bottom conditions for deposition of at least some of 
the oil shales.
To test the validity of the meromictic model, Boyer (1982) suggested 
that organic petrological studies be done to determine if the organic 
matter has planktonic origins. Specifically identifiable alginite of 
planktonic or benthonic origin is rare in GRF lacosites. As mentioned 
in section 5.3a however, Bradley (1964; cited in Hutton, 1982b) 
identified Pediastrum and Hutton (1982b) found cysts of freshwater 
dinoflagellates that were probably planktonic. Lamalginite that has a 
planktonic appearance (i.e. having a similar morphology to Rundle 
lamalginite; Plate 3b) is mostly present in low- to medium-grade 
samples and in alginite-poor lenses of higher-grade samples. 
Band-lamalginite commonly appears to have sources from algal mats (Plate 
3e, f, g) . The mat could have been floating at or near the lake surface 
or could have been epipelic (i.e. growing on the sediment surface).
From TEM analyses of GRF oil shales, Glikson et al. (1989) suggested 
that Botrvococcus is the sole contributor to the organic matter. 
Botrvococcus—type alginite has not been identified in the GRF in the 
present work nor in the numerous other studies cited in the current 
work. Many geochemical studies (e.g. Tissot and Vandenbroucke, 1983; 
Singleton et al., 1983; Ingram et al. , 1983; Tissot and Welte, 1978; 
1984; Philp, 1985; various papers in Johns, 1986) have not documented 
the presence of the fingerprint biomarker botryococcane in GRF oil 
shales even though other n-alkanes have been identified. If 
Botrvococcus—type algae contributed to the organic matter, it must have 
been severely degraded. Data of the present study do not support the
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interpretation of Botrvococcus as the main or even a noteworthy source 
for organic matter in the GRF.
For the playa model, organic matter originates mostly from benthonic 
algal sources (Bradley, 1970, 1973; Eugster and Hardie, 1975). A minor 
planktonic contribution is possible although plankton in shallow water 
may be inhibited by intense ultraviolet rays (Bradley, 1973). According 
to the playa model, organic matter was preserved by heat fixation; 
anaerobic conditions are not emphasised (e.g. Bradley, 1973; Eugster 
and Hardie, 1975; Bauld, 1981). In the littoral facies, where rooted 
plants were present, sediment anoxia was unlikely because of oxygen 
transfer from the water to the sediments by the macrophytes.
According to Bradley (1973), not all GRF lacosites were desiccated; 
some were deposited in a restricted basin and were rarely, if ever, 
exposed to air. The variety in morphologies and fluorescence colours of 
alginite may partly be caused by different modes of preservation. 
Dull-fluorescing band-lamalginite was possibly desiccated and oxidised 
whereas the brighter-fluorescing band-lamalginite was not.
Some algal mats cause modifications to microenvironments (Bauld, 1981). 
The cohesive filaments cause some mats to have low permeabilities 
(Bubela, 1980) and consequently reduce liquid, gas and light 
penetration. One of the major effects of impeded water flow through 
algal mats would be promotion of dysaerobic or anaerobic conditions. 
These changes in microenvironments may enhance organic matter 
preservation.
Smith (1983) and Eugster and Hardie (1975) suggested that oil shale 
facies of the GRF are the result of decreased sediment influx more than 
as a result of prolific organic activity. Protection of the basin from 
siliciclastic mineral sedimentation could be a factor but as mentioned 
in Chapter 4, present studies on modern analogues and organic petrology 
indicate that organic productivity is a prerequisite for deposition of 
organic matter-rich sediments.
Bradley (1970) suggested that organic matter in the GRF originates from 
algal oozes, which probably were mostly derived from Cyanophyceae.
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He favoured a blue-green algal source largely because of their blooming 
capabilities and resistance to bacterial decay. He chose Mud Lake in 
Florida, USA as a modern analogue but his model involved modifications. 
The water depth of Mud Lake ranges from 22 to 85 cm; the lake has 
sediments rich in benthonic Cyanophyceae.
Blue-green algal mats and other cyanophytes exist in a wide variety of 
settings in the Holocene but are generally present in severe 
environmental conditions (Bauld, 1981) and in some cases develop only 
when a critical salinity level is reached (Bubela, 1980). They are 
especially common in shallow, hypersaline settings but also exist in 
other environments, most notably where the waters are rich in nutrients 
and are alkaline (Tappan, 1980). Many blue-green algal mats prefer 
ephemeral conditions and can survive aerial exposure. Some blue-green 
algae excrete toxins that are lethal to predatory organisms.
Bacteria are commonly concentrated along pycnoclines and anoxic— oxic 
interfaces. For example, the meromictic Crawford Lake, Canada has a 
dense population of anaerobic, photosynthetic bacteria that inhabit the 
the chemocline zone (Dickman, 1985). Organic matter-rich varves were 
deposited during ventilation of this zone and consequent mass mortality 
of the bacteria.
Although the playa and meromictic lake models are widely different, the 
application of one does not necessarily preclude the other. According 
to advocates of the meromictic model, marlstone sequences are mainly 
deposited during shallow phases (Desborough, 1978); Boyer (1982) 
suggested that many of the organic matter-poor rocks of the GRF were 
deposited in playa lake conditions. Most playa lake advocates have 
agreed that the oil shales were deposited mainly during transgressions 
and expanded lake stands (e.g. Eugster and Hardie, 1975; Lundell and 
Surdam, 1975; Surdam and Stanley, 1979; Eugster, 1985). Lundell and 
Surdam (1975) suggested that evidence for seasonal stratification 
includes the presence of remains of fresh to brackish water gar fish in 
oil shales that contain saline minerals (also Boyer, 1982) and the 
presence of Lake "Magadi-type cherts”. These high stands may have 
approached a lake that fits the meromictic model and the low stands for
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the meromictic model may have approached a lake that fits the playa 
model.
The model that best suits the information discussed above involves a 
combination of playa and meromictic regimes (Figures 15-19). Some 
authors have alluded to highly variable water levels (e.g. Lundell and 
Surdam, 1975; Surdam and Wolfbauer, 1975; Robinson, 1976; Surdam and 
Stanley, 1979; Buchheim and Surdam, 1981; Eugster, 1985) but they 
generally referred to gradual changes over long periods of time (e.g. 
changes in level between deposition of the Tipton Shale, Wilkins Peak 
Member and Laney Shale Member). Eugster and Hardie (1975) stated that, 
although the Tipton Shale Member is considered a high stand deposit, 
large shoreline fluctuations probably occurred during its deposition. 
Boyer (1982) suggested that shallow lake and stratified models may apply 
to the GRF but for the oil shales specifically, he favoured deposition 
in an ectogenic, meromictic lake.
The model presented in the current study, involves more rapid and more 
highly fluctuating water levels than previously proposed. Long-living, 
large lakes that have highly variable water levels over short periods of 
time exist in the Holocene (for examples see Chapter 4). Part of the 
'playa versus meromictic' controversy may result from features caused by 
rapidly changing water levels. Lake levels may have varied considerably 
during deposition of even a hand-sized specimen. Features used for 
interpretations of a paleoenvironment for a complete member or even a 
single bed may be in error for other parts of the unit because of rapid 
fluctuations in water levels. Diagnostic features such as pedogenic 
soils and carbonate beds may not have had enough time to form during 
many of the transgressions and regressions.
As evidenced by the various types of alginite present in the GRF oil 
shales (i.e. undifferentiated lamalginite and medium- to 
dull-fluorescing band-lamalginite; Plate 3), the lacosites may have 
been deposited in a variety of environments, each of which had different 
water levels (cf. Smith, 1983). The presence of oil shale does not 
necessarily imply an expanded, 'fresh' lake as suggested by many authors 
(e.g. Eugster and Hardie, 1975; Smith, 1974; Lundell and Surdam, 1975; 
Surdam and Stanley, 1979; Smith, 1983). .
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Salt lakes are some of the most productive ecosystems in the world. For 
Holocene and ancient saline lakes, including Lake Gosiute and Lake 
Uinta, deposition of organic matter-rich sediments commonly preceded 
severe lake contractions and evaporitic regimes (Eugster, 1985). During 
these lake contractions, nutrient concentration and productivity were 
high and clastic mineral input was low. A restricted, alkaline stand 
could have enhanced preservation of algae because of decreased grazing 
pressure. Microbes are the main agents for organic matter decomposition 
and they obtain most of their nutrients from solution. The subsistence 
of microorganisms may be prevented by increased salinity, which lowers 
water activity (Bauld, 1981).
Stromatolites, ooliths, pisoliths, oscillation ripples and evaporitic 
minerals associated with some of the oil shales suggest that these 
lacosites were deposited during shallow periods (Lundell and Surdam, 
1975; Figures 18 and 19). Oil shales rich in medium-fluorescing, 
band-lamalginite and rocks that contain a mixed alginite assemblage may 
have been deposited during intermediate lake levels. Proliferation of a 
limited range of well-adapted algae would be promoted by restricted 
competition from other biota.
Seasonal as well as long-term climatic changes, mainly in precipitation, 
were important controls on lake levels, water chemistry and productivity 
(Eugster and Surdam, 1973; Surdam and Wolfbauer, 1975; Eugster and 
Hardie, 1975; Lundell and Surdam, 1975). As mentioned in Chapter 4, 
favourable climatic conditions for oil shale deposition probably existed 
in the Tertiary (Truswell, 1982). Climatic changes may be related to 
marine transgression and plate tectonics (Hays and Pitman, 1973; 
Cooper, 1977; Arthur, 1979; Tissot, 1979). Regressive episodes of the 
early Eocene caused dry conditions to exist in parts of North America, 
whereas a minor transgression in the middle Eocene caused increased 
rainfall (Cooper, 1977). Lake level rises may be indicative of times of 
high precipitation and lake level drops probably indicate dry periods, 
when evaporation exceeded water input. During the existence of the 
Uinta lake complex, the climate was subtropical and semi-arid with a 
strong seasonality (Kelts, 1988).
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Hydrographic factors were also important controls on the water levels of 
Lake Gosiute (Surdam and Stanley, 1979); additional inflow caused by 
filling and overflow of the adjacent basin to the north could have 
caused rises in lake levels. These rises were probably sudden.
The model that involves highly fluctuating lake levels creates 
constraints on the hydrogeology of the basin. The basin was probably 
hydrographically closed or possibly had a restricted outlet. The main 
outlet was probably functional only at high stands, thereby limiting the 
depth of the lake. During restricted phases, anoxicity, high alkalinity 
and stratification may have been promoted. Examples of ideal settings 
for saline lakes include block-faulted and rift lakes located in 
rainshadows of mountains (Hardie et al. , 1978). This was probably the
setting for Lake Gosiute and Lake Uinta.
5.4d Synopsis and Modern Analogues
Block-faulting and downwarping were associated with upfolding of the
Rocky Mountain ranges and created many intermontane basins during the
upper Cretaceous. The composition of these mountains in conjunction
with the active tectonism were important controls on the chemistry of
lake waters and on nutrient availability. The Phosphoria Formation may
have been the main contributor of phosphate, which is commonly a
limiting nutrient in lakes (Robbins, 1983). For Lake Gosiute and Lake
Uinta to have persisted for up to eight million years, continued
downwarping must have exceeded deposition during much of the Eocene in
the Washakie Basin, Green River Basin, Uinta Basin and Piceance Creek
Basin (Robinson, 1976). These alluvial plain basins were shallow and
flat-lying; the Lake Gosiute basin had topographic gradients less than
0.2-0.4 m per km (Surdam and Wolfbauer, 1975). Because of the low
gradients, variations in water levels caused extensive modifications to
the areal extent of the lakes; changes in lake levels were the major
causes of the large lithologic variation through the stratigraphic
section. The hydrographic drainage basin for Lake Gosiute was about 
2125,300 km and the lake was about 300 m above sea level (Surdam and 
Wolfbauer, 1975).
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Paleoecological studies indicate that the climate was warm temperate to 
subtropical with seasonal aridity. The mean annual temperatures were 
about 15° to 20° C and the mean annual rainfall was about 600 to 1000 mm 
(Bradley, 1973; Robinson, 1976; Surdam and Wolfbauer, 1975). The 
Eocene lakes were at latitudes similar to the present latitudes (Hays 
and Pitman, 1973) and the mountainous topography was similar to present 
topography (Smoot, 1978).
Basal GRF sediments were deposited in small ponds and swamps. The ponds 
amalgamated to form shallow oligotrophic lakes. As the lakes expanded 
and encroached on surrounding terrain, nutrients were added and 
eutrophication set in. Most authors have agreed that major lake 
transgressions and regressions were responsible for differences in the 
four main members: Douglas Creek/Luman Tongue Member, Garden 
Gulch/Tipton Shale Member, Parachute Creek/Wilkins Peak Member and 
Evacuation Creek/Laney Member (e.g. Eugster and Surdam, 1973; Lundell 
and Surdam, 1975; Eugster and Hardie, 1975; Surdam and Wolfbauer, 
1975; Surdam and Stanley, 1979; Buchheim and Surdam, 1981).
The Luman Tongue represents early Lake Gosiute and most of these rocks 
were deposited under shallow lacustrine conditions (Surdam and 
Wolfbauer, 1975). Changes in climate and drainage basin boundaries led 
to a decrease in lake size with a consequent increase in fluviatile 
influence for deposition of much of this part of section (Eugster and 
Surdam, 1973; Surdam and Wolfbauer, 1975; Buchheim and Surdam, 1981).
The Tipton Shale Member is generally representative of an expanded lake 
phase (Surdam and Wolfbauer, 1975) although major fluctuations in lake 
level and associated salinity occurred during its deposition.
Evaporite deposits, mud cracks, breccias and flat-pebble conglomerates 
in the Wilkins Peak Member indicate deposition during low lake levels 
and presumably more arid conditions (Bradley, 1973; Eugster and Surdam, 
1973).
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For deposition of the Laney Member, Lake Gosiute evolved from an 
alkaline to a freshwater lake. The Laney Member is generally regarded 
as a product of a high-stand phase of deposition (Surdam and Stanley, 
1979). Major fluctuations in lake levels probably occurred numerous 
times within each of the members.
The model presented in the current study incorporates a combination of 
the stratified lake and playa lake models. During low stands, most of 
the deposition was in a littoral facies (Figures 18 and 19). The lakes 
generally had high alkalinities and autochthonous saline minerals were 
commonly deposited. Maximum preservation of cyanobacterial mats occurs 
when productive periods are followed by increased salinity, which in 
turn is followed or accompanied by rapid sedimentation (Bauld, 1981). 
This sequence of events may be applicable to the playa lake stages. 
Carbonate deposition was largely allochthonous but the mineral input was 
probably less during oil shale deposition.
Organic matter deposited at low stands probably originated mainly from a 
benthonic, blue-green algal mat and preservation was possibly enhanced 
by heat fixation. During these stages, the lake may have been 
oligotrophic or mesotrophic; many epipelic algal mats can procure 
nutrients from bottom sediments. The abundance of planktonic algae may 
have been depleted because of a lack of nutrients. The paucity of 
phytoplankton allowed light penetration to the mat. Minor lake 
transgressions led to additional nutrient input. Eutrophication or 
hypertrophication probably occurred either during or after transgressive 
phases depending on the rate of lake level rise.
A combination of climatic effects, such as increased precipitation and 
decreased evaporation, as well as hydrographic effects, such as 
increased surface flow, caused an addition of water to the sodic lakes. 
Because of the high alkalinities, a chemical stratification of the 
waters probably formed; the fresh waters floated on the sodic waters 
(Figures 15 and 16). At various stages, the halocline could have 
existed above, at, or below the lake bottom. At high stands, the lakes 
may have been meromictic as suggested by Boyer (1982), warm monomictic 
(annual circulation) or warm polymictic (frequent circulation). 
Seasonal temperature changes and density currents may have caused
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periodic oxygenation of the monimolimnion. The ventilation may have 
been rapid and could have caused mass mortality of anaerobic or 
dysaerobic algae and bacteria.
The presence of graded-bedding, drag-structures and clasts that indicate 
transportation suggest that many of the oil shale 'breccias' are 
turbidites (Dyni and Hawkins, 1981; Cole, 1984). Turbidites could have 
formed during expanded stands of the lake but the 50-100 m water depths 
suggested by the authors may not have been necessary. The turbidites 
may have formed from grain-flow movement or slumping triggered by 
earthquakes, floods and storm sheet-flows. The presence of loop-bedding 
and other slump structures in some oil shales indicate postdepositional 
soft sediment deformation.
Robinson (1976) suggested that maximum water depths were probably about 
30 m and Surdam and Stanley (1979) stated that the types of deltaic 
structures present in the rocks of the Piceance Creek Basin indicate 
depths of 3 to 10 m. Surdam and Stanley (1979) mentioned that the lake 
centre could have been up to 25 m deep at high stands but the mudflats 
were probably covered by less than 4 m of water (Figure 17). Because of 
the high alkalinities, the lakes at 20-25 m depth probably would have 
been chemically stratified (Boyer, 1982); thermal stratification could 
have existed where depths were as low as 10 m.
Organic matter deposited in the limnetic facies of the deep water stages 
was probably derived mostly from planktonic sources; anoxicity in the 
hypolimnion would have enhanced preservation (Figure 16) and was 
probably in part, controlled by organic matter input. Dissolution of 
carbonate would have aided in the concentration of organic matter. 
During intermediate lake levels, an aerobic— anaerobic boundary may have 
existed above, at, or below the sediment— H^O interface.
Few, if any analogues consistent with the constraints of the proposed 
depositional model for the GRF exist in the Holocene. Lakes that have 
highly fluctuating water levels exist (see Chapter 4) but few, or none 
of these have high alkalinities and have deposited organic matter-rich 
marls, dolomite and evaporites. Because the model proposed for the GRF
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is a combination of models that involve shallow and stratified lakes, a 
combination of modern analogues is appropriate.
During saline, shallow stages, the lakes may have been similar to Saline 
Valley in California USA, Etosha Pan in southern Africa or Lake Eyre in 
South Australia (see Hardie et al ♦ , 1978). With respect to the 
productivities of the algal mats, the ancient lakes may have had some 
similarities to Mud Lake in Florida (see Bradley and Beard, 1969), Lake 
Eliza in South Australia (see Burne and Ferguson, 1983) and Solar Lake 
in Israel (see Bauld, 1981). The Lake Eliza depositional environment is 
intermediate to playa and permanently filled lakes (Burne and Ferguson, 
1983).
During deep water periods, Lake Gosiute and Lake Uinta were probably 
similar to deeper versions of the analogues mentioned above or possibly 
had similarities to shallower analogues of Green Lake in New York (see 
Ludlam, 1969), Big Soda Lake in Nevada (see Oremland et al. , 1988) or 
some of the east African rift lakes (see Degens and Stoffers, 1976; 
Kelts, 1988).
Some of the east African rift lakes are sodic and support prolific 
biomasses. Lake Manyara, Lake Kivu and Lake Van for example, have 
alkaline affinities, high concentrations of the limiting nutrient 
phosphorus and high organic productivities (Kelts, 1988). Lake Bogoria 
in Kenya is a shallow, hypersaline, meromictic, sodic lake that has 
sediments that are analogous to those of the GRF (Tiercelin and Le 
Fournier, 1980; cited in Talbot, 1988).
Lake Uinta and Lake Gosiute had some similarities to Great Salt Lake 
especially with regard to salinity, productivity, evaporitic events and 
associated variations in water levels (see Chapter 4; Eugster, 1985; 
Powell, 1986). Organic matter preservation is enhanced in Great Salt 
Lake by the adverse effects of hypersalinity on biodegradation (Powell, 
1986).
With respect to changes in water levels, the depositional model proposed 
in the present study for the GRF lacosites is similar to that suggested 
for eastern Queensland lacosites but the levels probably changed to a
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greater extent in Lake Gosiute and Lake Uinta. The lakes that deposited 
the GRF were different from the Queensland lakes with regard to water 
chemistry and surrounding terrain. The two suites of oil shales 
consequently have different organic and mineral compositions. These 
differences are relevant to utilisation as well as to targeting lacosite 
deposits in exploration programs. Evaporitic, saline— alkaline, 
lacustrine sequences in block-faulted basins with alluvial plains have 
high potentials for exploration; the associated saline mineral suites 
may offer substantial by-product industries in these types of deposits.
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CHAPTER 6 LACQSITES AND RELATED ROCKS FROM NORTHWESTERN THAILAND
6.1 Introduction
The mountain ranges of northwestern Thailand contain at least 43 
Cenozoic basins, 23 of which contain coal-bearing formations
(Ratanasthien, 1980) and 7 of which contain oil shale. The basins are 
oriented parallel to the structural trend of the bedrock and vary from 
110 km long and 40 km wide to 3 km long and 0.2 km wide. Most Cenozoic 
sedimentary strata in the basins were deposited in lacustrine or
fluviatile environments. Lacosites are a characteristic lithology of 
the Tertiary sequences that contain oil shale.
In the late 1980s, investigations on the use of Thai oil shales for
cement manufacture and on their combustion and retort characteristics
were carried out (Knutson et al. , 1989). The Mae Sot deposit has
6 6 3potential in situ resources of about 6400 x 10 barrels (1000 x 10 m )
6 6 3and the Ban Pa Ka Li deposit has about 10.5 x 10 barrels (1.6 x 10 m ; 
Knutson et al., 1989). In future years, these oil shale deposits may be 
important as major potential sources of fuels for Thailand.
In the present work, the organic petrologies of oil shale samples from 
Mae Sot Basin, Mae Moh Basin, Ban Pa Ka Li Basin, Ban Huay Dua Basin, 
Mae Teep Basin, Ban Na Hong Basin and Jae Horn Basin (Figure 20) are 
studied.
The lacosites are typically associated with coals; intercalations of 
coal and oil shale are common but the Mae Sot Basin which has the 
largest and richest oil shale deposit in Thailand, contains few seams 
that are rich in humic matter. The basin that has the greatest coal 
development contains lacositic shales, which have low contents of 
alginite.
Reconnaissance exploration of the Mae Sot Basin commenced in the 1940s. 
The Thai Department of Mineral Resources started drilling operations in 
1973 and the Electricity Generating Authority of Thailand and the 
Department of Geological Sciences at Chiang Mai University conducted a 
joint energy project in 1980 to 1981. They made a detailed study of an
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area of 2 km located north of Ban Huai Kalok (Figure 20). Most of the 
samples from the Mae Sot Basin examined in the present study are from 
this area.
The other deposits have been explored on a reconnaissance level only.
6.2 Lacosites from the Mae Sot Basin
6.2a General Geology, Stratigraphy and Inorganic Petrology
The Mae Sot Basin (MSB) is located at about 16°N, 98°E in Tak province
and extends across the Moei River into Burma (Sherwood et al. , 1984).
The modern basin is about 65 km long and 35 km wide. A Bouguer anomaly
2map indicates that the 2 km study area is located near the northern 
margin of a southern subbasin, which is about 25 km long and 10 km wide 
(Sherwood et al. , 1984). The Mae Sot area mostly has a gently
undulating topography and is thickly forested.
At least locally, the MSB is fault bounded. The study area contains an 
axis of a small syncline but the Tertiary sequence generally is
structurally uncomplicated (Sherwood, et al♦, 1984).
The bedrock on the eastern (Thai) side of the basin comprises mainly 
Permian to Jurassic calcareous and epiclastic rocks (Gibling et al., 
1985a). The deepest drillhole in the Mae Sot Basin penetrates 800 m of 
Cenozoic strata and does not reach basement (Sherwood et al., 1984). 
Tertiary strata are unconformably overlain by Quaternary sands, gravels 
and soils..
The Tertiary sequence in the MSB is termed the Mae Sot Series but a type 
section has not been formally designated. The rocks are predominantly 
fine grained and contain variable amounts of carbonates, silicates and 
organic matter. They have been classified as shale, marlstone and oil 
shale by Gibling et al. (1985a). Sandstones and 'pure' limestones are 
less abundant than other lithologies but are locally dominant near the 




In the study area, two upper sequences of lacosite, each of which is 
about 8-10 m thick, are separated by about 70 m of marlstone with 
sandstone interbeds (Figure 21). Extensive oil shale units exist below 
the upper sequences but are inaccessible for exploitation. These units 
are not assessed in the present study.
The upper sequences of oil shale contain low-, high-, and 
intermediate-grades of lacosite; the maximum oil yield of samples 
studied is about 300 litres per tonne. In the present study, the 
organic petrology of all grades of both of the upper lacosite sequences 
are analysed; the results are probably representative of the variation 
present.
The oil shales range from dark brown to pale buff; the dark lithologies 
are generally organic rich. Tantisukrit et al. (1981) and Gibling et 
al. (1985a) employed colour variation, according to Munsell soil colour 
charts, as a major parameter to differentiate and categorise the 
lacosites; they also employed toughness, degree of lamination, grain 
size and fracture characteristics. These workers divided the oil shales 
into types A, B, C and D. Oil shale A is the darkest, toughest and most 
poorly laminated; oil shale D is the palest, well laminated (dark 
laminae in a pale rock) and generally less tough than type A; oil 
shales B and C have characteristics intermediate to types A and D. Oil 
shales A and B contain mainly clay-sized minerals, whereas C and D 
contain mostly clay- to silt-sized minerals. Organic petrological 
studies (section 6.2b) and pyrolysis data (Table 18) indicate that oil 
shales A, B, C and D generally have progressively decreasing amounts of 
organic matter and oil yields.
Mineral matter in the oil shales consists of mainly calcite and 
dolomite (Table 19); according to x-ray diffraction traces however, 
some of the dolomite is probably enriched in iron and has a composition 
similar to ankerite (Gibling et al.. 1985a). From analyses of 14 
samples, Gibling et al. (1985a) found that carbonate is generally less 
abundant in oil shales A, B and C than in oil shale D and the 
marlstones. The other major minerals present in the oil shales are 
analcite, quartz, K-feldspar, plagioclase and clay minerals, which 
mostly comprise illite and smectite. Pyrite, gypsum and selenite are
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locally abundant in some beds (Sherwood et al., 1984). Pyrite commonly 
occurs as disseminations but also is present as massive nodules up to 2 
mm in diameter and as replacements of organic matter. Gypsum commonly 
exists as tabular crystals and selenite is present as sheets about 1 mm 
thick. Dendritic pyrolusite and iron oxides are present in some of the 
oil shales (Sherwood, et al♦, 1984).
The two oil shale sequences are generally well stratified. The layers 
range from laminae a fraction of a millimetre thick (Plate 4a) to beds 
several metres thick. Stratification is distinctive largely because of 
compositional variation, in particular the ratio of alginite abundance 
to mineral abundance.
Secondary sedimentary structures in the lacosites include contorted 
laminae, loop-bedding (Plate 4a), microfaults and other slump features. 
M. Gibling (pers. comm., 1980) suggested that microturbidites are 
present in some rocks.
Remains of the Cyprinidae family fish are the most abundant fossils of 
inorganic composition (Plate 4b); elongate bones, fin-rays, spines, 
vertebrae and scales are present in oil shales A to D (Gibling et al. , 
1985a). Possible coprolites are present in oil shales A and B 
(Tantisukrit et al. , 1981). Fragments of probable ostracodes are common 
in many high-grade samples (Plate 4c) but are not evident without the 
aid of a microscope. Other 'inorganic' fossils in the oil shales 
include rare remains of snakes and soft-bodied insects.
6.2b Organic Petrology
6.2b 1 general
In the present study, 23 samples of Mae Sot Basin oil shales and related 
rocks were analysed with an emphasis on organic petrology. With 
exception of one miscellaneous spot—sample from Ban Pha Lat, the rocks 
were sampled from three pits (numbers 202, 203 and 204) and a trench 
(101), all of which are located in the study area (Figure 20). The 
upper oil shale sequence is present in the pits and the lower sequence 
is intersected by the trench (Figure 21). With respect to the
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stratigraphic column, the sample locations of the rocks studied are 
shown in Figure 21.
Similar to other lacosite deposits, the MSB oil shales comprise mainly 
lamalginite and fine-grained minerals. The lacosites are generally 
laminated according to lamalginite abundance, which ranges from sparse 
to 90%. The laminae vary from a fraction of a millimetre to about 1 cm 
in thickness. As discussed in Chapter 5, many differences exist between 
Rundle and Green River Formation (GRF) lacosites with respect to mineral 
types and to a lesser extent, abundances and types or organic matter. 
With regard to organic petrology, the Mae Sot deposit generally has 
characteristics intermediate to the other two occurrences.
Although the form of lamalginite varies to a large degree in MSB 
lacosites, subdivision of the lamalginite according to fluorescence 
characteristics is more effective than according to morphology. Three 
basic types of lamalginite are present: medium to dull orange- and 
yellow-fluorescing lamalginite, intensely-fluorescing lamalginite and 
dull green-fluorescing lamalginite. With employment of the subdivisions 
used in Chapter 5, some of the dull green-fluorescing lamalginite would 
be classed as band-lamalginite, whereas the other types would be mostly 
classed as 'undifferentiated' lamalginite.
Medium to dull orange- and yellow-fluorescing lamalginite is dominant in 
many samples, in particular those from the lower sequence (Table 20), 
and constitutes 45% of some of the oil shales. Morphology of this 
alginite varies considerably. Thin-walled lamalginite, which has 
distinct boundaries and is analogous to the major form of alginite in 
lacosites from eastern Queensland, is dominant in many samples (e.g. 
11269 (Plate 4c), 12553, 12556, 12560 and 12564). Much of this 
lamalginite occurs as lamellae less than 0.005 mm wide and is up to 
3.0 mm long. It commonly has simple or visbyense (cauliflower-shaped) 
processes. Some of the lamalginite is anastomosing and as evidenced by 
a star-shaped morphology, some is derived from Pediastrum.
In some samples such as 11271, 11272, 12552 and 12553, the fine lamellar 
structure of the lamalginite is indistinct or nonexistent. This lack of 
structure may be caused by biodegradation, the morphology of progenitor
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algae (e.g. benthonic or planktonic algal mats), compaction, dissolution 
of mineral matrices, or gelification into an ooze before or during 
diagenesis. A combination of compaction, gelification and to a lesser 
extent dissolution of mineral matrices probably accounts for most of the 
indistinct form. Alginite that has a transitional form to the 
well-defined lamalginite and the more massive occurrences originates 
from felted masses of algal remains. Some other massive occurrences may 
also be derived from these types of felted masses.
Medium to dull orange- and yellow-fluorescing lamalginite is 
disseminated throughout the samples and occurs intimately associated 
with the minerals. Most of the discrete lamalginite is probably derived 
from planktonic precursors but some of the longer forms that are 1-3 mm 
in length and some of the more massive lamalginite may have been 
benthonic.
Intensely-fluorescing lamalginite occurs as disseminations throughout 
the oil shales and as concentrations in some laminae. It either has a 
similar morphology to the medium to dull orange- and yellow-fluorescing 
lamalginite except that it commonly has thicker walls and higher 
polishing relief, or it is composed of microlamellae. The precursor 
algal type is unknown but Hutton (1982b) suggested that 
intensely-fluorescing lamalginite in the Rundle deposit possibly 
originates from benthonic algae or fragments of thalli from large algae.
Dull green-fluorescing lamalginite occurs as laminae up to 0.1 mm thick 
and is cryptically intermixed with the clay/silt-sized minerals. It is 
generally more continuous along bedding planes than the other 
lamalginites and some is analogous to the dull green-fluorescing 
band-lamalginite of GRF lacosites. In the MSB, dull green fluorescing 
lamalginite only occurs in the uppermost oil shale unit. In some 
samples, this lamalginite forms a matrix for other organic matter and 
minerals and in other samples it has a morphology similar to that of 
medium to dull orange- and yellow-fluorescing lamalginite. Precursor 
material and depositional, diagenetic or possibly maturation effects may 
be responsible for the dull fluorescence and massive morphology of this 
lamalginite. Precursor material and depositional effects are probably
a. Mae Sot Basin; sample 11269 (Pit 202; 0.00-0.35 m)
1 Loop-heckling1 caused by slumping of lamalginite-rich (medium orange) and mineral-rich laminae. Vitrinite (black) is also present.
Field width = 0.89 mm; fluorescence-mode; perpendicular to bedding.
b. Mae Sot Basin; sanple 11270 (Pit 202; 0.50-0.90 m)
Cross-section of a fish bone (dark green) infilled with bitumen (yellow) and minerals.
Field width = 0.56 mm; fluorescence-mode; perpendicular to bedding.
c. Mae Sot Basin; sample 11269 (Pit 202; 0.00-0.35 m)
Similar field as (a) at a higher magnification and showing lamalginite (orange), liptodetrinite (orange flecks), shell fragments (?ostracodes as 
minute laths) and highly-reflecting (black) and other minerals.
Field width = 0.18 mm; fluorescence-mode; perpendicular to bedding.
d. Mae Teep Basin; sample 15570 (spot sanple)
Lamalginite (medium yellow and orange), liptodetrinite (orange and yellow flecks), telalginite (bright yellow; overexposed), sporinite (bright 
yellow, overexposed; centre right), vitrinite (black) and minerals.
Field width = 0.56 mm; fluorescence-mode; perpendicular to bedding.
e. Ban Pa Ka Li Basin; sample 15417 (spot sanple)
Positive alteration of fluorescence emission. The sample was irradiated for about fifteen minutes with a higher-powered objective (x125), which 
caused the fluorescence intensity in that field to increase. Lamalginite (medium yellow), liptodetrinite (yellow flecks), telalginite (bright 
yellow) and minerals are present.
Field width = 0.34 mm (x32 objective); fluorescence-mode; perpendicular to bedding.
f. Ban Huay Dua Basin; sanple 11266 (spot sample)
Lamalginite (medium orange), brightly-fluorescing lamalginite (lower left; bright greenish yellow), telalginite (upper right, bright greenish 
yellow), liptodetrinite (yellow and orange flecks), vitrinite and minerals.
Field width = 0.28 mm; fluorescence-mode; perpendicular to bedding.
g. Jae Horn Basin; saisie 15416 (spot sanple)
Lamalginite (orange), liptodetrinite (orange flecks), sporinite (yellow) and minerals (largely out of focus).
Field width = 0.09 mm; fluorescence-mode; perpendicular to bedding.
h. Mae Hoh Basin; sample 12542 (spot sample)
Lamalginite (orange) and highly-reflecting (black) and other minerals.
Field width = 0.44 mm; fluorescence-mode; perpendicular to bedding.
i. Ban Na Hong Basin; sample 15418 (spot sanple)
Lamalginite (orange), telalginite (bright yellow ellipsoids), sporinite (bright yellow; centre, right), liptodetrinite (orange and yellow 
flecks), vitrinite (black) and minerals.
Field width = 0.56 mm; fluorescence-mode; perpendicular to bedding.




the most important factors. The thicker, more continuous varieties 
probably originate from a benthonic, mat-forming algae although an 
origin from a planktonic mat is also possible.
All three types of lamalginite are present in some samples but generally 
either medium to dull orange- and yellow-fluorescing lamalginite or dull 
green-fluorescing lamalginite is dominant. Intensely-fluorescing 
lamalginite is sparse. Similar to the other lacosite deposits studied, 
lamalginite is the major source of retorted hydrocarbons from MSB oil 
shales.
Telalginite is rare in MSB lacosites but locally may constitute up to 
20% of some laminae. It is present mostly as disc-shaped to 
ellipsoidal, bright yellow-fluorescing lenses and cell structure is 
commonly well preserved. The morphography of the well-preserved 
telalginite indicates that it is derived from a Botrvococcus-related 
genus. This alginite commonly is partially replaced by carbonate which 
partly obliterates the cell structure.
Liptodetrinite is ubiquitous throughout the MSB oil shales but 
constitutes at most, 1% of any sample. It is mainly present as 
disseminations (Plate 4b) but is concentrated in some lenses and 
laminae. Some liptodetrinite has a disjointed, 'boudinage'-type 
structure and possibly originates from disassociated or mobilised 
lamalginite. Fluorescence colours vary considerably but they generally 
resemble those of associated lamalginite. Most liptodetrinite probably 
originates from comminution of alginite and from algal spores. Minor 
amounts of liptodetrinite are probably very small pods of bitumen. 
These occurrences are round, homogeneous disseminations concentrated in 
coarse-grained lenses (e.g. in samples 12558 and 12564). 
'Bitumen-related' liptodetrinite is rarely associated with lamalginite 
and in these cases it apparently originates from the lamalginite.
Bitumen and resinite are present in most Mae Sot samples, generally in 
trace amounts. They are present mainly as disseminations but also may 
be locally concentrated as pore infillings in coarse-grained lenses or 
laminae. In many samples, 'resinite' is associated with fish remains 
(Plate 4b) and possibly originates from faunal 'oils'.4b)
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Finely disseminated resinite probably originates from biodegradation of 
lamalginite or from waxes, fats, resins and oils exuded from organic 
matter during diagenesis. Bitumen fluoresces mostly medium yellow to 
orange and bright yellow but other varieties exist (e.g. a 
nonfluorescent type in sample 12553). Similar to the bitumen in GRF 
lacoSites, most bitumen in the MSB has a low reflectance and is 
insoluble in immersion oil; it is therefore classified as wurtzilite 
(after Jacob, 1989). The massive occurrences of bitumen may originate 
from in situ maturation of lamalginite, as evidenced by bitumen 
associations with lamalginite, or may have migrated from other source 
rocks (see section 5.3a).
Rare amounts of sporinite are dispersed throughout the MSB sequence. It 
typically fluoresces medium to dull orange and mainly originates from 
spore and pollen grains introduced into the basin by wind and water 
currents.
Vitrinite and inertinite are present in rare to sparse amounts in all 
rocks studied. Most humic matter is present as fine-grained, detrital 
disseminations but some occurs as stringers that have preserved cell 
walls. Vitrodetrinite and inertodetrinite probably originate from land 
plant detritus that was transported into the ancient lake but some 
vitrinite stringers could have originated from water plants. Coaly 
lacosites and coaly shales are not present in the sample suite studied. 
The Mae Ramat coal deposit however occurs in a closely related basin.
Similar to lacosites from eastern Queensland and the GRF, most MSB 
samples have a background fluorescence that emanates from the minerals. 
Similar to the liptinites in the lacosites, the background fluorescence 
undergoes positive alteration.
Telalginite, liptodetrinite, bitumen/resinite, and any organic matter 
that causes background fluorescence are all minor sources of retorted 
hydrocarbons for Mae Sot Basin oil shales.
A summary of field classifications, volumetric compositions and 
liptinite fluorescence colours of the samples from the MSB are presented 
in Table 20.
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6.2b ii descriptions of samples —  upper oil shale sequence
In the present work, 16 samples of the uppermost oil shale sequence are 
studied; 13 are from known locations (Figure 21) and three are 
unlocated. Sample 11269 is from the uppermost 'oil shale A and B unit' 
and is one of the highest grade samples analysed (Table 20). It is 
composed mainly of thin-walled lamalginite and epiclastic minerals 
(Plate 4a, c; Table 20) and therefore generally resembles lacosites 
from eastern Queensland. On average, the sample contains 35-45% 
lamalginite but some laminae contain up to 80% lamalginite. 
Loop-bedding and laminae deformed around carbonate lenses and fish 
remains are common features. These characteristics indicate that 
soft-sediment deformation occurred during deposition and compaction. 
Bitumen largely exists as interstitial disseminations within the 
carbonate lenses.
Three samples of the 'oil shale A and B unit' that underlies the 
uppermost unit were studied (Figure 21): 12557 (upper part), 12558 
(lower part) and 11270 (unlocated). Samples 11270 and 12557 are similar 
to 11269 due to their affinities with Queensland lacosites. Sample 
11270 however contains considerable amounts of carbonate and some 
lamalginite that has poorly defined boundaries. Some intraformational 
'clasts' are present in sample 11270 and may indicate slumping, turbid 
flows, burrowing or other reworking. Sample 12558 differs from the 
other two samples because it mainly contains dull green-fluorescing 
lamalginite that has indistinct morphology. The sample also contains 
'boudinage—type' lamalginite and associated 'bitumen—related' 
liptodetrinite. The bitumen-related liptodetrinite is concentrated in 
coarse-grained, mineral-rich lenses. These three features may be caused 
by maturation, diagenesis or syndepositional effects. Maturation due to 
burial is an unlikely cause because immature lacosites are present above 
and below the location of this sample; syndepositional or diagenetic 
biodegradation is the most likely explanation.
Samples 11267, 12559 and 11268 are from the uppermost 'oil shale C and D 
unit' (Figure 21) and are generally similar to sample 12558. They have 
been termed 'oil shales D, C and C' respectively, by Tantisukrit et al^ 
(1981) but according to their composition (Table 20) and the oil shale
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definition used in the present study, they would not be termed oil 
shales. Samples 11267, 12559 and 11268 are all characterised by strong, 
positive fluorescence alteration. Sample 11268 contains some laminae 
rich in lamalginite that is smaller (about 0.01 mm in length) than most 
lamalginite in the other samples. Sample 12267 contains more carbonate 
than the other rocks studied by X-ray diffraction techniques (Table 19).
Sample 12560 is from the third 'oil shale A and B unit' from the top of 
the sequence (Figure 21). This sample is characterised by an abundance 
of bitumen, regularly layered lamalginite and autochthonous minerals; 
it therefore resembles GRF lacosites. Slump features and bitumen within 
carbonate lenses are common features of sample 12560.
Sample 12561 is from the thick, middle 'oil shale C and D unit' (Figure 
21) and is not classified as an oil shale in the present study because 
of the paucity of liptinite. The lamalginite present in the sample 
fluoresces mainly medium orange, has well-defined boundaries and occurs 
as lamellae up to 1 mm in length.
Samples 12562 and 12563, both from the lower 'oil shale C and D unit' 
(Figure 21), also are not classed as oil shales in the current work. 
The laminae that have abundant lamalginite however resemble Queensland 
lacosites. Sample 12563 contains some fine-grained, humic-like matter 
in association with fish bones (cf. bituminite III of Teichmuller and 
Ottenjann, 1977). This material possibly originates from degradation of 
faunal oils or other organic matter.
Samples 12564 and 12565 are from the lower 'oil shale A and B units'. 
Organic matter in sample 12564 comprises mainly dull green-fluorescing 
lamalginite that undergoes profound positive alteration upon 
ultraviolet/violet light irradiation. Although the lamalginite has a 
dull fluorescence, most of it has well-defined boundaries and the sample 
is therefore texturally similar to Queensland lacosites. The mineral 
matter is largely autochthonous and therefore the sample also has 
affinities to GRF lacosites. Sample 12565 also has affinities to both 
lacosite types but this is due to the presence of both discrete and 
band-lamalginite. It differs from sample 12564 because positive
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alteration is only slight and the lamalginite fluoresces mainly dull 
orange.
Three unlocated spot-samples (samples 11271-11273) from the upper 
sequence were studied. Organic matter in these samples mainly comprises 
dull-fluorescing lamalginite that has poorly defined structure. This 
lamalginite undergoes a pronounced positive alteration upon
ultraviolet/violet light excitation. The studies on organic petrology 
indicate that sample 12271 is probably from the second 'oil shale A and 
B unit' from the top of the sequence or from the lower 'oil shale A and 
B' units of the sequence. The possible mudcracks in sample 11271
indicate that desiccation and associated oxidation may have been a 
contributing cause of the lack of morphology and dull fluorescence of 
the lamalginite. The two 'oil shale' C spot-samples (samples 11272 and 
11273) are not classified as oil shales according to the petrographic 
studies. They may be from the uppermost 'oil shale C and D unit'. 
Similar to sample 11268, sample 11272 contains some laminae rich in 
small, discrete lamalginite. Sample 11272 also contains discrete 
lamalginite up to 3 mm long, bitumen disseminations concentrated in 
coarse-grained lenses and fine-grained bitumen in association with 
lamalginite.
6.2b iii descriptions of samples —  lower oil shale sequence
In the present work, six samples from the lower oil shale sequence 
intersected by pit 101 are studied (Figure 21). Most of these samples 
have affinities to Queensland lacosites but samples 12553 and 12556 
also have some attributes of GRF lacosites.
Sample 12551 is from the uppermost 'oil shale A and B unit' of this 
sequence and is one of the richest samples studied. Some lamalginite in 
this sample lacks definitive form because of the dense packing of 
lamellae. Similar to the other high-grade sample (11269), soft-sediment 
deformation structures are common; the samples differ however, due to 
the absence of fish remains in sample 12551. Some alginite in sample 
12551 is derived from Pediastrum.
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Sample 12552, from the second 'oil shale A and B unit' from the sequence 
top, is similar to sample 12551 except that sample 12552 has slightly 
less background fluorescence, less distinct bedding and some fish 
material with associated bitumen.
Sample 12553 is from the third 'oil shale A and B unit' from the upper 
contact of the sequence and is characterised by a mixed assemblage of 
discrete lamalginite and lamalginite that has indistinct structure. 
Much of the indistinct alginite is associated with minerals that have no 
background fluorescence. These minerals are possibly oxides. Some of 
the discrete lamalginite has visbyense processes.
Sample 12554 is not classified as an oil shale in the present study 
because it has less than 10% liptinite. It was sampled from the 'oil 
shale C and D unit' present about 2 m below the top of the sequence. It 
contains mainly discrete lamalginite with clastic minerals.
Sample 12555, which is from one of the lower 'oil shale C and D units' 
(Figure 21), is similar to sample 12554 except that the lamalginite in 
12555 has more variation in cell wall thickness and is generally more 
continuous along bedding planes. Some lamalginite in 12555 has 
visbyense processes.
Sample 12556 is from the lowermost 'oil shale A and B unit' in the lower 
sequence and is not classified as an oil shale in the present study. It 
is similar to sample 12555 but it contains more fish remains and greater 
amounts of highly-reflecting minerals.
One miscellaneous spot-sample from the Ban Pha Lat subbasin was studied. 
The sample contains mostly discrete lamalginite in an epiclastic mineral 
matrix. Some beds contain abundant autochthonous minerals and some have 
lamalginite that lacks well-defined structure because of the overlapping 
effects of lamalginite masses.
6.2b iv maturation
Mean maximum vitrinite reflectances for the upper sequence range from 
0.28-0.36% and for the lower sequence they range from 0.25-0.28% 
(Table 21). These values indicate a 'soft brown coal' rank for the
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complete section studied. Similar to the other lacosite deposits
examined in the present study, the reflectance data do not indicate a
systematic relationship with alginite abundance as found by Hutton and
Cook (1980) for some other oil shales. As mentioned in Chapters 4 and
5, this may be caused by differences in alginite type and the lower
regional rank of MSB lacosites. Any possible trends may be obscured by
intrabasinal differences in vitrinite type and a limited range in ratios
of alginite to vitrinite abundances. Depth is not systematically
related to R for the MSB lacosites studied because of the limitedv f rricix
amount of section sampled.
If some bitumens in the MSB lacosites were formed in situ, the level of 
maturation is higher than that indicated by vitrinite reflectance data. 
Reflectance of vitrinite from the nearby Mae Ramat coal mine is 0.45%, 
which indicates a 'bright brown coal' rank. Minor amounts of bitumen 
may be formed from lamalginite at this rank.
Qualitative assessments of liptinite fluorescence colours also do not 
systematically vary throughout the section studied. The fluorescence 
characteristics of the lamalginite are however highly variable even 
within a single sample. As mentioned in Chapter 5, this variation could 
be caused by differences in progenitor material, mode of preservation, 
biodegradation, oxidation, oil saturation or a combination of these 
effects.
6.2b v summary of organic petrology
A comparison of generalised petrologies of three major lacosite 
occurrences is presented in Table 22. As shown in this table, MSB
lacosites are petrologically intermediate to Rundle and GRF lacosites. 
MSB samples that contain considerable amounts of autochthonous mineral 
matter and regularly layered lamalginite (e.g. samples 12560, 12565,
12553 and 12556) resemble many GRF lacosites. Although regularly 
layered lamalginite in MSB lacosites is similar to that of GRF 
lacosites, band-lamalginite is rare in the MSB rocks and is restricted 
to the dull green-fluorescing occurrences. Laminae that contain
abundant bitumen or dull green-fluorescing lamalginite have affinities
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to GRF lacosites. The MSB deposit is similar to the GRF deposit due to 
the absence of coaly lacosites and interbedded coal seams.
Samples that are rich in epiclastic silicate minerals and discrete, 
thin-walled, lamalginite have an affinity to most eastern Queensland 
lacosites (e.g. MSB samples 11259, 11270, 12557, 12562, 12563, 12551, 
12552, 12554 and 12555). Laminae that contain abundant telalginite also 
have a resemblance to some Queensland occurrences.
In Table 20, the field classification of Tantisukrit et al. (1981) and
Gibling et al. (1985a) is compared with analyses of maceral
compositions. All samples of oil shale A and most of oil shale B are 
classified as lacosites in the present study. Alginite abundances of 
oil shale A vary from 10-45% and for oil shale B they range from 5-25%. 
Oil shales C and D are not designated as oil shales in petrographic 
terms because they all have less than 10% liptinite.
One of the major problems in correlations of field and petrographic 
classifications is the differences in scale for their intended use. 
Because of the small sample sizes employed for petrographic analyses, 
representative sample control is a major problem. Strong bedding and 
gradational bedding according to alginite abundance add to the 
difficulty of employing either classification system and especially of 
correlating them. If these constraints are considered, the agreement 
between the two systems is good although oil shales C and D should not 
be termed oil shales. The field system however adequately discriminates 
between various grades of organic matter-rich sedimentary rocks.
6.2c Depositional History
6.2c i introduction
A lacustrine depositional environment is indicated for MSB oil shales by 
the general stratigraphy (i.e. basin size and cyclicity of
sedimentation), paleobiology (i.e. presence of the remains of snakes, 
insects and freshwater fish) and organic petrology (presence of 
Pediastrum-derived alginite, Botrvococcus-related telalginite and
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vitrinite stringers; Tantisukrit et al., 1981; Sherwood et al., 1984; 
Gibling et al., 1985a).
MSB oil shales resemble those of the GRF because of the abundance of 
carbonate but differ because evaporites are not present in the MSB rocks 
studied. Samples that are rich in clastic silicate minerals have 
similarities to Queensland lacosites. Some alginite in the MSB suite 
resembles that of the GRF and some resembles that of the Queensland 
lacosites. These similarities indicate that the depositional model for 
the eastern Queensland deposits applies to some MSB oil shales and the 
model for the GRF applies to other MSB rocks. Some of the controversy 
that concerns the environment of deposition for GRF lacosites is also 
relevant to the petrologically similar, MSB rocks.
6.2c ii genesis of mineral matter
Similar to carbonate in the GRF, most carbonate in the MSB oil shales 
deposited in profundal facies probably originates from inorganic 
precipitation. The Ban Huai Kalok study area lies adjacent to a 
carbonate dominated provenance (Gibling et al., 1985a) and therefore
large amounts of dissolved carbonate would have been introduced into the 
ancient lake. During eutrophication or hypertrophication, bio-induction 
associated with the prolific algal productivity would have promoted 
carbonate precipitation. Physicochemical factors may have promoted 
precipitation during oligotrophic stages. In littoral and epilittoral 
facies, carbonate may have formed by the same processes that operate in 
profundal facies but allochthonous and biogenic carbonate may also have 
been major contributors.
The lesser amounts of carbonate in oil shales A—C than in oil shale D as 
well as in the marlstones is probably caused by carbonate dissolution 
associated with oxidation of organic matter and the consequent CO^ 
production and acidic conditions. This dissolution would have caused a 
concentration of organic matter and may have been • an important 
contributing factor to the textures in calcareous lacosites.
Dolomite formation in high-grade oil shales could be caused by 
contributions of magnesium from chlorophyll during diagenesis.
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This donation could cause the higher ratios of dolomite to calcite 
abundances in high-grade oil shales than in marlstones. Some dolomite 
precipitation may have been induced by high magnesium to calcium ratios 
in the lake waters and some dolomite in littoral facies may have been 
transported from epilittoral areas. Dolomite in epilittoral areas could 
have formed by precipitation from groundwaters, brine-pool evolution or 
evaporative pumping. Much of the dolomite probably has a composition 
similar to ankerite and therefore ferrous ions were probably available 
in the lake waters. Iron carbonate may form in the absence of sulphate 
and sulphide ions and is an indicator of a reducing environment; the 
anoxia however did not necessarily extend into the water column.
Gibling et al. (1985a) and Gibling (1988) favoured a depositional model 
for the MSB that involves sedimentation of high-grade oil shales in 
profundal facies of a meromictic lake and marlstone deposition in 
littoral facies. Because of the associations of dolomite with high 
grades of oil shale and not with marlstones, they ruled out the 
possibility of allochthonous dolomite.
Similar to the depositional model presented in Chapter 5, the model 
proposed in the current study for deposition of MSB lacosites allows for 
carbonate sedimentation in profundal and epilittoral/littoral facies 
(see Figures 15-19). During high stands of the lake, most carbonate was 
derived from bio-induced inorganic precipitation, possibly in a 
stratified lake for some instances. During these stands, much of the 
carbonate formed was redissolved upon settling because of decomposition 
of organic matter at the lake bottom. During low stands, much of the 
carbonate may have been allochthonous but some may have inorganically 
precipitated. Similar to the limnetic facies, some carbonate may have 
been dissolved in the littoral facies.
Silicate minerals are abundant in the MSB oil shales and related rocks. 
A limited amount of semiquantitative X-ray diffraction data indicate 
that the abundance of silicate minerals increases with oil shale grade 
(Table 19). Some samples have textures that suggest a detrital source 
for much of the silicates but authigenic origins are also likely for 
some occurrences. Analcite is abundant in many of the rocks studied;
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in one sample of oil shale A, it accounts for about 32% of the mineral 
content (Table 19).
Analcite exists in sedimentary rocks either as primary precipitates 
(syndepositional or postdepositional) or as alteration products of 
pyroclastic or clay minerals (Deer et al.. 1963). If some of the 
analcite in MSB rocks is primary and precipitated from solution, the 
lake waters must have been sodic. Gibling et al. (1985a) suggested that 
a monimolimnion in the ancient lake may have been alkaline. Salts could 
have been concentrated in the lake however, during evaporative events. 
For some postdepositional formation of analcite in coal, Deer et al. 
(1963) suggested that alkalies may be available from overlying 
limestones. For the MSB occurrences, alkalies may have been derived 
from associated marlstones.
The locally abundant gypsum may be syngenetic or epigenetic.
Pyrite is ubiquitous throughout the rocks studied (Table 20) and the 
quantity is not related to the amount of organic matter present. The 
presence of pyrite indicates reducing conditions but as mentioned in 
Chapter 4, anoxia that extends into the water column is not necessary.
Extensive studies of quantitative mineralogy of the various types of oil 
shale in the MSB, done in conjunction with parallel organic petrological 
studies would aid in further interpretations on the depositional 
environment.
6.2c iii genesis and preservation of organic matter
The preservation of organic matter in general is discussed in section 
4.2e with an emphasis on the complex nature of the numerous factors 
involved. Of these factors, some are of particular importance to 
organic matter preservation in MSB lacosites. From studies on the 
intergradations of various types of MSB oil shales, Gibling et al♦ 
(1985a) found that oil shale A is commonly interbedded with laminated 
siltstone. The rapid burial of organic matter-rich sediments by the 
silts deposited in higher flow regimes would have enhanced organic 
matter preservation. The high resistance of Pediastrum to degradation
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(Bradley, 1970; Gunnison and Alexander, 1975; Tappan, 1980) at least 
partly accounts for its preservation. During phases of the lake where 
water levels were low, increased salinity probably decreased the grazing 
pressure. Biologic degradation could have been inhibited by desiccation 
during dry stages; at these times, heat fixation would have promoted 
preservation. Dull green-fluorescing, possibly oxidised lamalginite and 
possible mudcracks (e.g. sample 12271) may be indicative of desiccation.
Similar to the other oil shale deposits studied, high organic matter 
productivity was of utmost importance for oil shale deposition. Because 
of the associated high demand for oxygen, anaerobic or dysaerobic 
conditions may have been promoted near the sediment interface and could 
have aided in organic matter preservation. Gibling et al. (1985a) 
suggested that some evidence exists for anoxicity and a presumed 
chemical stratification of lake waters: lateral continuity of mappable 
beds (e.g. some 1.5 m thick beds are mappable for up to 2 km along 
strike with no change in thickness), rare burrows, rare obvious 
bioturbation, lack of hard-bodied benthic organisms, preservation of 
fish and soft-bodied insects, extensive organic matter preservation and 
fine, well-defined, continuous laminae. From their postulation of a 
meromictic model, they suggested that oil shales A and B were deposited 
below the chemocline, C and D were deposited in a transitional zone and 
marlstone was deposited above the chemocline.
Laterally extensive beds may be deposited in a variety of environments 
and as stated in section 4.2e, laminae may be caused by rapid 
sedimentation or intermittent bioturbation. Extensive organic matter 
preservation is not necessarily evidence for a meromictic lake. The 
present study indicates, that some alginite is possibly biodegraded, 
that shell fragments of ostracodes are probably present in high-grade 
oil shales, that some burrows are possibly present and that preservation 
of soft-bodied insects and complete fish is rare. The possible presence 
of oxidised organic matter and benthonic algal mats may be indicative of 
aerobic waters. At least some anoxicity is indicated by the presence of 
dolomite that has a composition similar to ankerite and by the presence 
of pyrite. These conditions however may have existed only below the 
sediment— water interface or as microenvironments. In the meromictic 
lake model (as presented by Gibling et al.. 1985a) most organic matter
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originates from planktonic algae that settled through the water column 
and was preserved largely because of a lower layer of anoxic water. A 
planktonic algal source does not however imply water stratification.
Similar to alginite in the GRF, the alginite in MSB rocks possibly has 
planktonic and benthonic precursors. Specific types of only planktonic 
algae are discernable however in the oil shales. Botrvococcus—related 
alginite is present in some MSB lacosites. The planktonic, freshwater, 
green alga Pediastrum is the precursor for some of the thin-walled, 
medium to dull orange- and yellow-fluorescing lamalginite. Lamalginite 
that has processes and most of the thin-walled lamalginite that has 
discrete boundaries and a similar form to Pediastrum probably have 
planktonic precursors. Some of the lamalginite that is more continuous 
along bedding-planes is possibly derived from epipelic sources.
As suggested for GRF lacosites, the variable morphologies and 
fluorescence colours of lamalginite may be caused by differences in the 
modes of preservation. For example, dull green-fluorescing lamalginite 
was possibly oxidised shortly after deposition.
The variety in types of lamalginite indicates that the oil shales were 
probably deposited in a variety of environments. Because the MSB 
lacosites have petrological characteristics similar to those of both the 
Queensland and GRF occurrences, the model for the environment of 
deposition has characteristics of both the other models. The ancient 
lake systems had highly variable and rapidly changing water levels. 
Samples that resemble Queensland lacosites (i.e. most of the lower 
sequence) and are rich in plankton-derived alginite were probably 
deposited in expanded, fresh stands of the ancient lake, where limnetic 
facies prevailed. Eutrophication, followed by development of anoxic 
sediments probably occurred during these high water stands. Unlike the 
ancient Queensland lakes, Lakes Gosiute and Uinta had other types of 
algal proliferation during very low water levels. Mae Sot lacosites 
that contain 'mat-type' alginite and resemble many GRF samples were 
probably deposited under very shallow water. If the lake bed was 
completely desiccated, it was a rare event.
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6.2c iv synopsis
Sedimentation in the tectonically stable, intermontane MSB was initiated 
by uplift during the Cretaceous to early Tertiary (Suensilpong et al., 
1978). The Tertiary topography was probably similar to the gently 
undulating terrain of the Holocene. The present-day basin is about 
200 m above sea level and the surrounding mountains rise to 1500 m above 
the basin floor. The Tertiary climate was probably similar to the 
existing tropical conditions. A generalised discussion of Tertiary 
climates, their causes and their effects are presented in section 4.2e. 
The lack of coal seams in the MSB section may indicate that a dry 
climate existed during low lake levels or that water chemistry and lake 
morphology was unsuitable for development of coal swamps.
From facies analyses of the MSB sequence, Gibling et al. (1985a) ranked 
the upward gradations of rock types in an order of decreasing frequency: 
laminated siltstone to oil shale A, oil shale B to oil shale A, oil 
shale D to oil shale C, oil shale A to laminated siltstone, oil shale C 
to oil shale D, marlstone to oil shale D, oil shale A to oil shale B and 
oil shale C to oil shale B. From Markov chain analysis, they found that 
gradations upwards from low to high organic matter contents are more 
common than the contrary. Two possible models may apply to this facies 
analysis.
Gibling et al. (1985a) suggested that these gradations represent 
deposition in a lake where chemical stratification developed gradually 
and the amount of preserved organic matter in the sediments consequently 
increased. The rapid depositional change to organic matter-poor 
sediments was explained by deep water circulation, which was possibly 
promoted by storms. The common association of laminated siltstone with 
oil shale A was explained by deposition from density currents. These 
density currents may have introduced nutrients to the ecosystem. This 
would have promoted proliferation of algae and could have promoted 
preservation due to the rapid burial of the organic matter—rich 
sediments. This model is probably valid for some of the expanded, deep 
phases but another interpretation is also applicable.
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Marlstone and low-grade oil shale may have been deposited in an 
expanded, oligotrophic lake. Lake contraction and associated 
eutrophication could have caused deposition of sediments, progressively 
more enriched in organic matter. Upon further shallowing, algal mats 
may have developed and increases in salinity could have decreased the 
grazing pressure. The lake contraction would have continued to a 
critical stage such that the algal mats could not survive and silts 
buried the sediments under a higher flow regime. Upon slight expansion 
of the lake, the mats may have redeveloped, thereby causing 
siltstone— oil shale A transitions to be common. This model applies to 
oil shale deposition under very shallow water, at times in a playa lake.
During lake contraction and eutrophication, the fish and probable 
ostracode population would have thrived but mass mortality may have 
occurred upon reaching a threshold salinity level. Lake Eyre, which is 
an ephemeral lake in South Australia, is inhabited by freshwater fish 
during expanded stands. Upon lake shrinkage, the community perishes due 
to salinity intolerance. This type of mechanism may account for the 
abundance of fish and possible ostracode remains in some high-grade MSB 
oil shales. In this environment, the fauna had abundant plankton to 
ingest, died from salinity intolerance and were preserved due to 
decreased scavenging. Oil shales that contain dull green-fluorescing, 
'mat-type' lamalginite could have been deposited during shallow events. 
This is evidenced by the paucity of fish and ostracode remains in 
samples that contain this type of alginite and the presence of possible 
mudcracks in sample 11271.
The model presented in the current study for the depositional 
environment of MSB lacosites incorporates both of the interpretations 
mentioned above. To determine which model is applicable to specific 
strata, detailed organic petrology should be done in conjunction with 
detailed stratigraphic and facies analyses. Rapidly changing lake 
levels and the associated deposition of thinly bedded sediments renders 
this type of study difficult.
Changing water levels were probably the major cause of lithologic 
variation in the Mae Sot section. Gibling et al. (1985a) and Gibling 
(1988) contended that lake levels were important. They suggested that
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marlstones and sandstones were deposited in a shallow aerated lake and 
in playa flats and that oil shales were deposited in a deeper, 
stratified lake. Water levels however may have changed more frequently 
than has previously been interpreted. This is especially relevant to 
the lower sequence, which contains numerous laminae of siltstone and 
marlstone within the oil shale sequence (Figure 21). Some oil shales in 
the Mae Sot Basin were possibly deposited under very shallow water. 
Rapid changes in lake levels could have been promoted by the small size 
of the basin and the restricted outlet (Gibling et al., 1985a). Because 
of the rapidity of these changes in water level, soil horizons and 
playa-type carbonate beds commonly did not have enough time to fully 
develop. Some of the fine laminae however may have been caused by 
seasonal variations. The lake level changes and associated variations 
in nutrient availability, salinity, acidity, depth of the euphotic zone, 
Eh and sedimentation rate caused changes in the amount and type of 
organic matter preserved.
As for GRF lacosites, the depositional environments of the MSB rocks can 
be divided into a set of facies: limnetic, littoral and epilittoral. 
As mentioned in section 5.4b, littoral facies commonly contain preserved 
plant remains, ostracodes, fish bones, insects and terrestrial 
vertebrates, all of which are probably present in MSB oil shales. In 
the model presented in the present study, some oil shale was deposited 
in littoral/epilittoral facies at basin margins and during stands of low 
water levels. For these rocks, organic matter probably originated 
mostly from algal mats and heat fixation could have promoted 
preservation. Some autochthonous silicate was deposited as well as 
epiclastic silicates; carbonate was allochthonous and autochthonous. 
Transgression occurred because of hydrographic and climatic effects. 
During high water stands, organic matter originated mostly from 
planktonic algae. Preservation was, to an extent, promoted by 
dysaerobic or anaerobic sediment conditions. At times, the lake was 
chemically stratified such that it was meromictic, monomictic or 
polymictic. During the high stands, some turbidites were deposited.
The ancient MSB lake was different from the ancient GRF and eastern 
Queensland lakes because of differences in the surrounding terrains, 
water chemistries, organic matter deposited and minerals deposited.
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6-3 Other Lacosites from Northwestern Thailand
6.3a General Geology, Stratigraphy and Inorganic Petrology
6-3a i introduction
Northwestern Thailand contains numerous other Cenozoic, intermontane 
basins, some of which have oil shale-bearing sequences (Figure 20). The 
basins form flat—lying, alluvial plains between a range of subparallel 
mountain ridges which trend north— northeast. Some of the larger 
basins, such as the Chiang Mai Basin, comprise a series of
interconnected subbasins (Figure 20).
The Cenozoic basins were formed by updoming, which was initiated by 
back-arc, extensional tectonics during the late Mesozoic (Suensilpong, 
et al., 1978). A tensional regime was maintained from the Oligocene to 
Quaternary such that grabens developed to form sedimentary basins 
(Gibling and Ratanasthien, 1980).
Tertiary strata in the basins strike approximately north— south and have 
an average dip from about 10°-25°; the dip direction differs for the 
various basins (Gibling and Ratanasthien, 1980). The degree and
orientation of the deformation of the strata is related to local fault 
movements and to a lesser extent, regional tilting.
Tertiary rocks are mostly fluviatile to lacustrine sandstones, shales, 
mudstones, conglomerates, carbonates, coals and oil shales, all of which 
unconformably lie on Mesozoic and older basement rocks. The coal seams 
generally are thick (up to 35 m) but the thickness is laterally
variable. Oil shale seams range from about 0.5 to 15 m thick and mostly
have a uniform thickness along strike (Gibling et al., 1981). The coals 
and oil shales commonly have lateral facies relationships.
The oil shales range from black to pale buff. The rocks are all 
laminated but the lacosites are more distinctly laminated than are the 
coaly shales. Bedding is variable in thickness and is generally caused
by differences in the amount of organic matter present. The oil shale
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deposits are smaller than the MSB deposit and few field studies are 
documented from them.
Few works have been published on the mineralogy of the oil shales other 
than the reflected light microscopy of the present study. The mineral 
matrices are mainly clay sized and probably comprises mostly clay 
minerals with some carbonate. Rare to 5% silt- to sand-sized
quartzo—feldspathic and micaceous minerals are also present. Pyrite and 
other highly-reflecting minerals constitute up to 5% by volume of the 
samples studied. Calcareous lenses and beds are present locally.
For the oil shale-bearing basins, mudstones generally are abundant,
carbonates are common, coarse clastic rocks are uncommon and 
diatomite-rich beds are locally abundant (Gibling et al. , 1981).
The major macrofossils present in the Tertiary rocks are bivalves,
gastropods, ostracodes, trace fossils and fish remains. The Tertiary 
strata are typically overlain by Pleistocene alluvial rocks.
6.3a ii Mae Moh Basin
2The Mae Moh Basin (Figure 20) has a lateral extent of about 150 km
(Gibling et al. , 1981). The valley floor is 420 m above sea level and
the surrounding ridges rise to 792 m above sea level (Muangnoicharoen et 
al. , 1981). Basement comprises mainly Permian to Triassic volcanic
rocks and Triassic shales, sandstones and limestones. The basin 
contains 937 m of Cenozoic sedimentary rocks (Gibling and Ratanasthien, 
1980). These comprise a basal unit of conglomerate which grades upward 
into sandstone and is overlain by mudstone, coal and oil shale. The 
uppermost unit consists of mudstone, sandstone, conglomerate and red 
beds along with minor amounts of gypsum and laterite (Ratanasthien, B. 
pers. comm., 1981). Part of a mudstone and coal unit was dated as 
Pliocene by Koenigswald (1959; cited in Gibling and Ratanasthien,
1980).
Two beds of coal, each of which is 25-30 m thick, have been mined in the 
Mae Moh Basin during the 1980s. The coals are laterally continuous for 
several kilometres. Calorific values indicate that the ranks of the
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coals are 'brown' to 'sub-bituminous' (Gibling and Ratanasthien, 1980); 
these data are however sensitive to coal type. The oil shales have an 
unknown thickness and are interbedded with coals and mudstones. Some of 
the Mae Moh rocks have intraformational breccias and desiccation 
features (Sherwood et al. , 1984). Fossils of inorganic composition in 
the Tertiary strata include fish remains, mastodon teeth, turtle 
remains, insects and gastropods. The Tertiary strata are unconformably 
overlain by Pleistocene shales and siltstones (Sundharovat, 1964).
6.3a ill Ban Pa Ka Li Basin
The Ban Pa Ka Li Basin is situated in the township of Dongdam, Li
district, Lamphun province. It is a small subbasin of the Chiang Mai
. 2 Basin and has a lateral extent of 1 km (Figure 20) . The Ban Pa Ka Li
area forms a flat-lying valley at an elevation of 550 m above sea level;
the surrounding mountains rise to 1000 m above sea level. The Cenozoic
sequence is comparable to that of the Mae Moh Basin and is at least
100 m thick. The Tertiary strata mainly comprise conglomerates,
sandstones, mudstones, carbonaceous mudstones, coals and oil shales
along with minor laterite and gypsum-rich horizons in the upper part. A
portion of a mudstone and coal unit was dated as Eocene to Oligocene by
Endo (1966; cited in Gibling and Ratanasthien, 1980). The strata dip
northerly at about 10° (Gibling and Ratanasthien, 1981).
Two seams of coal in the upper part of the section have been mined
during the 1980s. Calorific values of the coal indicate a high volatile
bituminous rank. The oil shales directly overlie and are interbedded 
with the coals and mudstones. The maximum thickness of the oil shale 
unit is 15 m and the average shale oil yield is about 60 litres per 
tonne.
The main macrofossils in the Tertiary sequence are gastropods, bivalves, 
ostracodes, fish remains, possible Planolites and probable 
carbonate—encrusted remains of freshwater plants. The Tertiary rocks 
are overlain by Quaternary gravels, sands and nodular laterite.
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6.3a iv Ban Huay Dua Basin
The Ban Huay Dua Basin is located in the township of Tambon Huay Dua in 
the Amphoe Pai district, Mae Hongson province (Figure 20). The basin is
3.3 km long and 0.2 to 0.3 km wide (Gibling et al. , 1982). The hills
surrounding the area rise to about 1000 m above sea level and the valley 
floor is at 820 m above sea level. Basement strata at the western 
margin of the basin comprise coarse-grained granitic rocks that are 
lower Jurassic or younger; at the eastern and southern margins they 
comprise conglomerate. The coal- and oil shale-bearing sequence dips 
easterly at 8°-60° (average of 25°). This sequence is about 200 m thick 
and comprises mostly sandstones and claystones along with some coals and 
conglomerates and minor amounts of oil shale. The oil shale is commonly 
interbedded with mudstone and carbonaceous shale. The thickness of the 
oil shale unit is about 0.5 m (Gibling et al♦, 1981). Planolites is
present in some of the underlying shales (Gibling et al., 1982).
Eight coal seams greater than 0.1 m thick are present in the Tertiary 
section (Gibling et al. , 1982); the maximum thickness of the seams is
1.3 m. Proximate analyses of the coals indicate sub-bituminous to high 
volatile bituminous rank.
The coal- and oil shale-bearing sequence is overlain by at least 100 m 
of Cenozoic sandstones and conglomerates (Gibling et al.. 1982).
6.3a v Mae Teep Basin
The Mae Teep Basin is located in the Mae Teep township, Ngao district,
2Lampang province and has a lateral extent of about 30 km . The valley 
floor is between 220 and 228 m above sea level and surrounding mountains 
rise to 1200 m above sea level (Gibling et al. . 1985b). Basement rocks 
comprise Permian to Triassic shales, sandstones, limestones and volcanic 
rocks. The Tertiary strata consist of four major stratigraphic units 
which comprise mostly mudstones, carbonaceous mudstones, marlstones, 
coals and oil shales. The coal- and oil shale—bearing unit is 2.4 km in 
strike length (Gibling et al., 1981). The oil shales have an average 
oil yield of about 50 litres per tonne. They exist as thin beds 
intercalated with coal, mudstone and marlstone and as beds up to 1 m
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thick that laterally grade into mudstone and carbonaceous mudstone 
(Gibling et al., 1981). High volatile bituminous coal has been mined in 
the Mae Teep Basin during the 1980s. The main fossils of inorganic 
composition in the Tertiary rocks are fish remains. These are locally 
concentrated in the oil shales. Overburden in the Mae Teep Basin 
comprises mainly 4-10 m of Quaternary gravels, sands and clays.
6.3a vi Ban Na Hong Basin and Jae Horn Basin
Few data have been reported about the Ban Na Hong and Jae Horn Basins 
(Figure 20). One outcrop of Cenozoic strata exists in the Jae Horn 
Basin; the rocks exposed include conglomerates, shales, thin brown coal 
seams and coaly shales (Muangnoicharoen et al., 1981). Some diatomite 
beds are present in the basin (Gibling and Ratanasthien, 1980). Oil 
shales occur as interbeds with the coals and mudstones; the thickest 
oil shale unit is 4 m thick (Gibling et al.. 1981).
. 2The Ban Na Hong Basin has a lateral extent of 12 km and contains oil 
shales interbedded with coals, sandstones and mudstones. The maximum 
thickness of oil shale in this basin is 10 m (Gibling et al. , 1981).
6.3b Organic Petrology
6.3b i general
In the current study, 12 samples from the 'miscellaneous' Cenozoic 
basins were analysed with an emphasis on organic petrology. Eight of 
these samples are lacosites and four are coaly shales. The suite of 
samples has numerous similarities with the MSB samples but many 
differences also exist. Comparisons made in the present work are for 
descriptive purposes; extrapolation on a basin scale cannot be made 
because of the restricted sampling.
Many of the differences between the two suites are related to 
characteristics of the lamalginite. Although the morphology and 
fluorescence colours of lamalginite are variable for both suites of 
samples, the range is greater in the MSB samples studied. Dull 
green-fluorescing lamalginite is very rare and the 'band' variety does
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not exist in the 'miscellaneous' oil shales studied. Lamalginite forms 
that have indistinct or nonexistent, lamellar structure, those up to 3 
mm long and those with visbyense processes are not present in the 
'miscellaneous' suite of oil shales.
Red-fluorescing lamalginite is present in a coaly shale from the Mae Moh 
Basin. Chlorophyll that has a red fluorescence is present in some 
Tertiary leaf-coals (Jacob, 1964, cited in Stach et al., 1982). 
Pediastrum-related lamalginite and Botrvococcus-related telalginite are 
present in both sample suites but they are more widespread in the 
'miscellaneous' lacosites. Coaly shales and organic matter derived from 
higher-plants are more abundant in the 'miscellaneous' basins than in 
the MSB.
Some differences also exist between the types of minerals present in the 
oil shales from the various basins. Samples from the Ban Huay Dua, Mae 
Teep, Ban Na Hong and Ban Pa Ka Li Basins mainly contain minerals that 
have little background fluorescence (Plate 4d, e, f, i) and therefore 
are different from most of the MSB samples. Autochthonous minerals are 
much less abundant in the 'miscellaneous' samples than in the MSB rocks.
Other than the differences mentioned above, the petrology of the two 
sample suites are similar with respect to composition, morphology, 
fluorescence characteristics, occurrence and origin of organic 
components. Samples from the 'miscellaneous' Thai basins are composed 
mainly of epiclastic minerals and well-preserved, thin-walled discrete 
lamalginite; they therefore generally resemble the lacosites from 
Queensland. A summary of the classification, volumetric composition and 
liptinite fluorescence colours of 'miscellaneous' suite of Thai oil 
shales and related rocks is presented in Table 23.
6.3b ii descriptions of samples
In the present study, four samples from the Mae Moh Basin are studied 
but only one is a lacosite. Sample 12542 is a low-grade oil shale that 
has 12% liptinite and contains beds of two distinct types of lacosite. 
One type contains about 20% fine-grained lamalginite that ranges in 
length from about 0.01-0.03 mm and fluoresces medium to dull orange,
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about 2% telalginite and traces of intensely-fluorescing lamalginite. 
The other oil shale type contains about 7-10% lamalginite in the richest 
lenses. This lamalginite is slightly longer (0.04-0.08 mm in length), 
fluoresces medium to bright orange and yellow and is largely derived 
from Pediastrum (Plate 4h) . Other processed palynomorphs are also 
present. Because of the shale interbeds, the total lamalginite content 
is lower than the average of these two oil shale types. Faunal remains 
in this sample mainly comprise fish remains and probable ostracodes.
Samples 12545 and 12546 are both classed as coaly shales because of the 
abundance of vitrinite and inertinite (Table 23). Lamalginite occurs 
mainly in shaly layers and liptinite derived from higher-plants mainly 
exists in coaly laminae.
Sample 12547 contains clasts of claystones that have about 10%-20% 
vitrinite/inertinite, minor amounts of liptinite derived from 
higher-plants and up to 10% lamalginite. The clasts occur in a 
claystone matrix that contains about 2% liptodetrinite. The sample is 
therefore classified as a brecciated, lacositic shale/coaly shale.
Two samples from the Ban Pa Ka Li Basin are studied. Sample 11264 is a 
coaly shale which has texto-ulminite as the main type of humic matter; 
sparse amounts of fluorescent detrovitrinite (desmocollinite) are also 
present. The predominant liptinites are cutinite and resinite.
The organic matter in sample 15417 mainly comprises fine-grained, medium 
yellowish green-fluorescing lamalginite, which includes preserved 
Pediastrum remains and other processed palynomorphs (Plate 4e) . The 
mineral and organic matter undergo pronounced positive alteration upon 
prolonged (10-15 minute) ultraviolet/violet irradiation.
Sample 11266, which is from the Ban Huay Dua Basin, is one of the 
richest samples studied and contains more humic matter, sporinite and 
intensely—fluorescing lamalginite than most of the other miscellaneous 
lacosites (Plate 4f). Planolites is present on the upper surface of the 
sample (Gibling, M., pers. comm., 1980).
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The three samples from the Mae Teep Basin are all lacosites, which have 
similar maceral compositions and liptinite fluorescence colours 
(Table 23). The oil shales are characterised by abundant, medium 
orange-fluorescing, fine-grained lamalginite which is disseminated in a 
clay-sized mineral matrix that has only minor amounts of background 
fluorescence (Plate 4d). Some of the lamalginite is derived from 
Pediastrum. Telalginite is present in all three samples and commonly is 
partially replaced by highly-reflecting minerals. Fish remains are the 
most common fossils of inorganic composition; laminae of oil shale are 
commonly distorted around the scales and bones. All of the Mae Teep 
samples contain 1-2% silt-sized quartz grains.
Sample 15418, which is from the Ban Na Hong Basin (Plate 4i), is similar 
to the samples from the Mae Teep Basin except that it has less 
telalginite and the lamalginite mainly fluoresces medium green.
The sample from the Jae Horn Basin (15416) is characterised by an 
abundance of medium orange-fluorescing lamalginite (Plate 4g) . Most of 
the lamalginite is present as anastomosing layers.
6.3b ill maturation
Mean maximum vitrinite reflectances for the 'miscellaneous' Thai oil
shales range from 0.23% for a Mae Moh sample to 0.32% for samples from
the Ban Na Hong Basin, Ban Huay Dua Basin and Mae Teep Basin (Table 24).
These data indicate 'soft brown coal' ranks. Most of the coaly shales
also have low R values although sample 11264 from the Ban Pa Ka LiV,max _
Basin, which has an Rtt of 0.53%, is sub-bituminous in rank. TheseV,max
rank determinations are generally lower than those indicated by 
calorific values (see section 6.3a). This discrepancy is possibly 
caused by the dependence of calorific value on coal type (even though 
the associated coal seams are generally vitrinite rich), moisture 
content or because of depressed vitrinite reflectance (see section 
6.2b). Fluorescence characteristics of the liptinite indicate a maximum 
rank of high volatile bituminous.
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If the rank of some of the lacosites is up to high volatile bituminous, 
some hydrocarbons have probably been generated from the sequences during 
physico-chemical coalification.
6.3c Depositional History
The numerous similarities between lacosites of the Mae Sot Basin and 
those of the other basins indicate similar environments of deposition. 
The differences that exist between the deposits however lead to some 
modifications of the depositional models for the other basins.
The general stratigraphy, organic petrology and paleontology of the 
miscellaneous suite of lacosites indicate lacustrine origins. The Mae 
Moh Basin, Ban Pa Ka Li Basin, Ban Huay Dua Basin, Mae Teep Basin, Ban 
Na Hong Basin and Jae Horn Basin formed from differential subsidence 
during an Oligocene to Quaternary tensional regime. The basins contain 
sequences that have a range in lithologies from angular, coarse clastic 
sediments, which are largely fluviatile, to fine-grained clastic 
sediments, which are largely lacustrine, to organic matter-rich 
sediments, which were deposited in lacustrine and swampy settings. 
Similar to the MSB, the lake levels and associated chemical changes were 
instrumental to bedding and facies relationships in the deposits.
One of the major differences between the MSB and other Thai deposits is 
that thin beds of oil shale are commonly intercalated with, and have 
lateral facies relationships with thick beds of coal and coaly shale in 
the 'miscellaneous' deposits. The environment of deposition for these 
oil shale-bearing units was therefore largely swampy and could have been 
one of the mires that surrounded the lake; the climate was probably 
damp during low lake levels. Because the basins were small and had 
steep, fault-bounded margins, the water levels could have changed 
rapidly.
Oil shale was probably deposited largely after flooding of the swamps. 
Oil shales in the Mae Teep Basin laterally grade into mudstone more 
commonly than into coaly mudstone (Gibling et al. , 1981). If the oil
shales were deposited during high water stands and the basin had steep
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margins, bordering swamps would not have been present. The oil shales 
that grade into coaly shales were probably deposited at lower stands.
Studies on organic petrology support a model that involves oil shale 
deposition mainly during high water levels. Plankton-derived 
lamalginite (e.g. from PediastrunU and Botrvococcus-related telalginite 
are widespread in the ' miscellaneous' oil shales whereas possible 
benthonic forms such as band-lamalginite, other lamalginite that has 
indistinct boundaries, and dull green-fluorescing lamalginite are 
conspicuously rare or absent. During the oil shale deposition at high 
water levels, the lakes probably had fresher water than the low lake 
level stages of oil shale deposition for the MSB or GRF. The paucity of 
associations of fine-grained rocks with authigenic minerals and 
carbonates in the 'miscellaneous' Thai basins (Sherwood et al., 1984) is 
evidence for these chemical differences. The disparities in lake 
chemistries may be enhanced by differences in surrounding terrain.
With respect to lake morphology and chemistry, the environment of 
deposition for the 'miscellaneous' Thai lacosites was therefore 
generally more similar to that of Rundle lacosites than to that of the 
MSB and GRF occurrences.
Features that indicate desiccation are absent in the suite of 
miscellaneous samples. Oil shale breccia is present in the Mae Moh 
Basin but this may have been caused by slumping or turbidity currents 
rather than subaerial exposure.
As shown in Chapter 4, anoxia extending into the water column is not a 
prerequisite for organic matter preservation. The presence of burrows 
and remains of benthonic gastropods and bivalves in Ban Pa Ka Li oil 
shales (Gibling, 1988), the presence of probable ostracode shell 
fragments in the Mae Moh lacosites and the presence of Planolites in the 
Ban Huay Dua lacosites all indicate that the bottom conditions during 
oil shale deposition allowed faunal habitation.
Similar to the other lacosite deposits studied, rapidly changing water 
levels and associated changes in water chemistry probably aided in 
preservation of the organic matter. For the Ban Pa Ka Li Basin, Gibling
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and Ratanasthien (1981) suggested that macrofossil evidence indicates 
that species diversity was limited in the ancient lake during deposition 
of any single bed. They found that most macrofossils occur on bed 
surfaces rather than within beds and suggested that this is indicative 
of a rapidly changing environment. They stated that fragmentation of 
some of the mudstone layers could be caused by shrinkage due to changes 
in water chemistry. In the Mae Teep Basin, rapidly changing water 
levels are indicated by sharp bedding contacts and interbedding of oil 
shales, coals and shales; variable water chemistry is indicated by 
intercalations of marlstone and mudstone.
Similar to other oil shale deposits, organic matter preservation was 
also promoted by the resistance of algal precursors to decay and, in 
part, by low Eh values due to organic matter decomposition. As 
mentioned in section 4.2e, Tertiary climates were probably favourable 
for oil shale deposition and changes in the climate coupled with changes 
in hydrogeology would have caused variable lake levels. The 
transgressions and regressions led to transitions between swamps and 
lakes throughout the oil shale deposition.
The model of the depositional environment for the 'miscellaneous' Thai 
lacosites is similar to that for the MSB lacosites except that the 
'miscellaneous' oil shales were mostly deposited at high water stands in 
the limnetic facies, the water chemistries were different and the lake 
basins were generally smaller and had different morphologies. The lakes 
may have had dysaerobic or anaerobic bottom waters during some stands of 
high water levels but the water did not necessarily stagnate. Changes 
in lake levels were probably similar to those during deposition of the 
Queensland lacosites.
The large variation in lacustrine environments that led to deposition of 
oil shales indicates the wide spectrum of facies and sequences that are 
potential targets for exploration. Oil shales deposited in settings 
associated with peat bogs may have additional rewards because of 
possible exploitation of the coal seams.
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The Toolebuc Formation (TF) is located in much of western Queensland and 
in the northeastern corner of South Australia (Figure 22). It contains 
the largest in situ, potential resource of oil shale in Australia and 
one of the largest in the world.
Numerous estimates of potential resources have been made for the
deposit. In 1977, the Australian Bureau of Mineral Resources estimated
9 9 3that 2850 x 10 barrels (453 x 10 m ) of inferred, subeconomic,
potential resources exist in the TF at depths greater than 50 m (NEAC,
1978). The National Energy Advisory Committee (NEAC, 1980a, 1980b)
6proposed that the Julia Creek deposit of the TF has 2000 x 10 barrels
6 3 6(318 x 10 m ) of probable resources and 1500 x 10 barrels
6 3(238 x 10 m ) at a 60 litre per tonne (1/t) cut-off grade; Raphael and
Saxby (1980) and Saxby (1980c) agreed with this latter estimate as
'approximate resources'. Gibson and Rutland (1981) stated that the
6total resources of the TF mineable by open-cut methods is 1500 x 10
6 3 ,barrels (238 x 10 m ) at a 50 1/t cut-off grade. Gibson (1981, cited
in Saxby, 1982; 1986) determined that the inferred, in situ, TF
9 9 3resources are 1448 x 10 barrels (230 x 10 m ) at an average yield of
60 1/t. Marcovich (1983) suggested that the CSR authority to prospect
9 9 3could yield 15 x 10 barrels (2.4 x 10 m ) of shale oil, half of which 
is recoverable by mining and in situ retorting.
Ozimic and Saxby (1983) suggested that the TF oil shales extend only as
far south as a line joining Bedourie and Charleville, Queensland and
9 9 3estimated 1540 x 10 barrels (254 x 10 m ) of total, potential
resources of shale oil. They suggested that about 20% of this resource
could be extracted by open-pit mining at depths from 50 to 200 m. The
upper 50 m is too weathered to be of commercial interest; the resources
below 200 m depth could possibly be in situ retorted. In their
2calculations, Ozimic and Saxby (1983) used a total area of 484000 km ,
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an average thickness of 7 m, an average yield of 37 1/t and an oil
specific gravity of 1.9. The highest yield presented in their report is 
61 1/t and they stated that oil yields south of the
'Bedourie-Charleville line' are less than 10 1/t.
Sherwood and Cook (1986) found that TF oil shales are present south of
the 'Bedourie-Charleville line' and suggested that the lateral extent of
2the oil shale deposit is at least 600000 km (Figure 22). They
determined that the total (proven + probable + possible), in situ,
9 9 3potential resource is at least 2000 x 10 (318 x 10 m ) barrels of 
shale oil. These authors suggested that the TF extends northwards into 
the Carpentaria Basin.
7.1b History of Exploration
The Julia Creek oil shale deposit of the TF was discovered in 1966 
(Riley and Saxby, 1986). It has been investigated since 1973 by CSR 
Ltd, who has worked in conjunction with Aquitaine Minerals (Australia) 
Pty Ltd and Tosco (Australia) Pty Ltd. The latter two companies 
withdrew from the project in 1975 and 1976 respectively (Ozimic and 
Saxby, 1983). In 1980, CSR Ltd completed an economic and technical 
feasibility study of producing 115000 barrels per day of syncrude with 
employment of the Tosco II retorting process (Sitnai, 1983). From this 
study, they found that the "real price of oil would need to rise by ten 
American dollars per barrel for the project to meet investment criteria" 
(Mandelson, 1983). Mainly because of advancements in technology of oil 
shale retorting and hydrotreatment, the rise in price required to meet 
investment criteria was only 5 US$ per barrel in 1983 (Mandelson, 1983).
CSR initiated a study on in situ retorting in 1981. The main objectives 
of the programme were to achieve fracturing and underground combustion 
of the oil shale. The first field trial showed that the in situ process 
had potential for exploitation of TF oil shales in spite of the many 
problems encountered (Marcovich, 1983).
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7.2 General Geology, Stratigraphy and Inorganic Petrology
The TF is present in the Eromanga Basin, which occurs in Queensland and 
South Australia, and in the southern part of the Carpentaria Basin, 
which lies north of the Eromanga Basin (Figure 22). Cook (A., pers. 
comm., 1984) however identified lithologies similar to TF oil shales in 
the offshore Carpentaria Basin further north than designated in 
Figure 22. The Euroka Arch basement rise, which probably comprises a 
series of north— south trending horsts and grabens, separates the 
Eromanga Basin from the Carpentaria Basin (Senapati, N., pers. comm., 
1987). The form, timing of formation and significance of the Euroka 
Arch are contentious issues.
The Eromanga Basin contains up to about 2500 m of Jurassic and 
Cretaceous rocks (Cook, A., pers. comm., 1985). The Cretaceous sequence 
is up to about 1800 m thick and comprises mainly marine, fluvial/deltaic 
and lacustrine mudstones, siltstones, conglomerates, sandstones, shales 
and limestones. Minor amounts of coquinite, coal and oil shale are also 
present (Table 25). The Jurassic and Cretaceous sequence of the
Eromanga generally is structurally uncomplicated. Anticlines are 
present however in rocks that are draped over basement horsts; some 
monoclines grade into normal faults (Exon and Senior, 1976; Ozimic and 
Saxby, 1983; Ozimic, 1986). The major structural movements that 
affected the Cretaceous succession are some listric faults (Cook, A., 
pers. comm., 1985), broad compactional downwarps, readjustments on 
pre-existing faults and epeirogenic uplift which led to tilting of the 
basin to the southwest (Exon and Senior, 1976). The dominant downwarp 
in the Cretaceous section overlies the Cooper Basin and was a major 
depocentre during the Cretaceous (Exon and Senior, 1976).
The Carpentaria Basin is oval-shaped and trends north. It is present
onshore in northern Queensland and offshore mainly in the Gulf of
Carpentaria. Smart et al. (1980) described the basin as an epeirogenic,
intracratonic downwarp, which is separated from adjacent basins by
stable basement highs. The rocks of the Carpentaria Basin generally are
undeformed except locally along the western and southern margins. The 
. 2basxn has an area of about 560000 km and similar to the Eromanga Basin, 
it contains about 2500 m of continental Jurassic and Cretaceous rocks. 
The Cretaceous strata, mainly comprise marine sandstones, siltstones,
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shales, limestones and conglomerates. This sequence is similar to and 
partly correlates with the Cretaceous section of the Eromanga Basin. On 
the basis of seismic reflection profiles, the sequence can be divided 
into an eastern, 'flat' area and a western, 'noisy' area. These 
different patterns indicate the amount of structures present but the 
cause of the sharp change in patterns has not been determined (Cook, A., 
pers. comm., 1985).
The Late Albian Toolebuc Formation is the major organic matter-rich 
deposit and the major carbonate deposit of the Cretaceous sequence. The 
TF mainly consists of oil shale, calcareous shale, siltstone and minor 
sandstone, all of which are interbedded with coquinite and limestone. 
The type section for the TF has been designated by Senior et al ♦ (1975) 
as the strata in Bureau of Mineral Resources Boulia 3A drillhole from
25.3 to 35.8 m (Ozimic, 1986).
The TF is generally undeformed and has dips of less than 1°. It ranges 
from about 5 to 30 m thick and has an average thickness of about 15 m. 
Outcrops of the TF are present in the Julia Creek Township of northern 
Queensland.
Toolebuc Formation oil shales range from medium brown to black and 
commonly contain limestone and coquinite interbeds. The oil shale unit 
varies from about 2 to 11 m thick and has an average thickness of about 
7 m .  No primary sedimentary structures other than laminae have been 
noted in the present study nor in other studies. The laminae, which 
range from less than 1 mm thick up to 1 cm thick, are mostly caused by 
the relative amounts of bituminite, micrinite, lamalginite and minerals. 
Ozimic and Saxby (1983) and Ozimic (1986) divided the oil shales into 
two facies based on oil shale to coquinite ratios. For the oil shales 
in the Carpentaria Basin, massive crystalline coquinite is apparently 
restricted to basement highs where the sea was shallower (Smart et— a 1 ♦_, 
1980).
In the Julia Creek deposit, the lower TF comprises mainly calcareous oil 
shale and the upper part comprises mainly coquinite. The major oil 
shale unit is overlain by a bed about 1 cm thick of skeletal fish 
fragments which is overlain by limestone. The fish debris oil shale
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contact is sharp whereas the fish debris— limestone contact is 
gradational (Ramsden, 1983).
Shale oil yields generally decrease toward the basin margins. For 
high-grade oil shales, an average of 27% of the organic matter is 
converted to oil on pyrolysis, 45% remains as char and 28% evolves as 
gas (Ozimic and Saxby, 1983). The proportion of evolved gas is greater 
for the lower yielding oil shales.
TF oil shales are characterised by a gamma-ray anomaly but Ozimic and 
Saxby (1983) suggested that the anomaly also exists in or below organic 
matter-poor rocks that are lateral time equivalents of the oil shales. 
Sherwood and Cook (1986) however found that at least some of these 
'organic matter-poor' rocks contain oil shales. The gamma-ray anomaly 
is absent south of the Nappamerri Trough (Moore and Pitt, 1982); this 
trough coincides with the southern boundary of TF oil shales as 
determined from the petrographic analyses of Sherwood and Cook (1986; 
Figure 22). Moore et al. (1986) suggested that the TF should be defined 
by gamma-ray logs. With regard to other geophysical logs, TF oil shales 
are characterised by low to moderate densities, low neutron responses, 
low resistivities and low spontaneous potentials.
The TF contains a rich assemblage of fossil remains of inorganic 
composition but diversity on a generic level is restricted. Coquinite 
interbeds mainly originate from Inoceramus and Aucellina pelecypods. A 
few genera of gastropods, belemnites and ammonites (Labeceras, Mvloceras 
and Appurdiceras) are also present in the TF (Day, 1969; Exon and 
Senior, 1976). The oil shale facies contains fish remains, Globigerina 
foraminfers (Exon and Senior, 1976) and coccolithophores.
Mineral matter in the TF oil shales examined in the present study mainly 
comprises calcite and quartz with lesser amounts of kaolinite, 
montmorilIonite, pyrite and feldspar (French and Warne, 1981). From 
scanning electron microscopy of a suite of samples from six drillholes, 
Ramsden (1983) found that the oil shales typically have a micrite matrix 
which mainly comprises coccoliths. He stated that quartz is the most 
common subordinate mineral, especially in the basal rocks, and that 
minor amounts of gypsum with traces of chalcopyrite and sphalerite are
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also present. Other minor and trace minerals in the oil shales include 
fluoroapatite (in fish debris) and galena (Patterson et al. . 1986).
Vanadium constitutes 0.1 to 0.3% by weight of Julia Creek oil shales 
(Riley, 1983) and could be exploited as a byproduct of an oil shale 
industry. The vanadium is present as hydrated oxides, silicates and 
organo-vanadium complexes (Riley and Saxby, 1982; Riley, 1983; Riley 
and Saxby, 1986).
The TF typically has conformable contacts with the underlying 
Wallumbilla Formation (Tables 25 and 26) except in some eastern areas 
where the uppermost member of the Wallumbilla Formation (Coreena Member) 
is eroded. Where this section is eroded, a phosphatised conglomerate of 
the Wallumbilla Formation is in contact with the TF (Ozimic and Saxby,
1983). The boundary between the conglomerate and TF oil shale is 
generally sharp. The Coreena Member comprises mostly fluviatile 
sandstones, conglomerates, siltstones and mudstones; this member 
contains a rich fossil assemblage of pelecypods, gastropods, belemnites 
and scaphopods (Exon and Senior, 1976).
The contact of the TF with the overlying, Allaru Mudstone (Tables 25 and 
26) is either sharp (TF coquinite with Allaru Mudstone) or gradational 
(TF oil shale with the mudstone; Ozimic and Saxby, 1983). The Allaru 
Mudstone comprises mostly mudstone, which commonly grades into 
siltstone.
In the southern part of the Eromanga Basin, the TF has lateral facies 
relationships with organic matter-poor lithologies. These 
time-equivalents have been termed Urisino Beds for the eastern part and 
Wooldridge Limestone Member for the western part by Ozimic and Saxby 
(1983) and Ozimic (1986). As mentioned above, Sherwood and Cook (1986) 
found that the facies changes are further south than determined by 
Ozimic and Saxby (1983) and Ozimic (1986). The Wooldridge Limestone is 
a member of the Oodnadatta Formation and comprises mainly sandstone and 
glauconitic, calcareous siltstone, both of which are interbedded with 
coquinite and limestone. This member was deposited in nonmarine and 
marine environments and has lateral facies relationships with the
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Urisino Beds. The Urisino Beds were mainly deposited in deltaic 
settings and comprise siltstones, limestones and glauconitic sandstones.
7.3 Organic Petrology
Ten drill-core samples of the TF, supplied by Pacific Coal Pty Ltd, and 
numerous cuttings samples of the TF from wells drilled for oil 
exploration by Delhi Petroleum Pty Ltd were petrographically analysed in 
the present study. Samples 11462 and 11463 are spot samples from two of 
the cored drillholes. Samples 11464 to 11469 are from another cored 
drillhole and are a consecutive series of samples from the top (11464) 
to the bottom of the oil shale horizon; samples 11470 and 11471 are 
from the underlying mudstone unit. The exact locations of these three 
drillholes are unknown. Figure 22 shows locations of the wells from 
which the miscellaneous TF oil shales were sampled.
Toolebuc Formation oil shales are composed mainly of bituminite, 
micrinite, lamalginite and liptodetrinite, all in a fine-grained, 
largely carbonate mineral matrix. Telalginite, bitumen, resinite, 
'organic matter of unknown affinity' and organic matter derived from 
higher-plants are present in minor amounts. Because of the dominance of 
bituminite, the oil shales are classified as bitosites. A summary of 
the generalised organic petrology of TF oil shales is presented in 
Table 27; the volumetric compositions and dominant liptinite 
fluorescence colours of the suite of samples supplied by Pacific Coal 
are presented in Table 28.
7.3a Bituminite and Micrinite
Bituminite and associated micrinite are ubiquitous throughout TF oil 
shales and constitute up 40% by volume of the rocks. The samples 
quantitatively analysed in the present work however all contain less 
than 36% bituminite. The bituminite has a massive to fine-grained 
texture. It is present as lenses and laminae up to 0.5 mm in length and 
up to 0.10 mm in thickness or as fine disseminations within the mineral 
matrix (Plate 5a) . Some bituminite exists as a matrix for other 
macerals and for minerals. Lamalginite and liptodetrinite commonly are 
present within bituminite pods (Plate 5e). Some bituminite is
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associated with fish remains. Mean maximum reflectance of the 
bituminite ranges from about 0.10 to 0.35% and has an average value of 
0.20%. It commonly fluoresces dull orange and rarely fluoresces medium 
orange and brown but some varieties do not fluoresce (Plate 5b). 
Fluorescence 'alteration' upon irradiation varies from weakly to 
strongly positive (Plate 5c). In thin section, the bituminite is red 
and has some characteristics similar to vitrinite.
Micrinitisation of bituminite is a prominent feature (Plate 5d); 
organic matter transitional to bituminite and micrinite is common. 
These intermediate forms have characteristics between micrinite and 
bituminite and are best described as micrinitised bituminite. Because 
of these gradations, all types are designated as 'bituminite + 
micrinite' in the maceral composition analyses of the present study. 
Micrinite typically occurs within the bituminite and more rarely occurs 
as massive lenses which have a high reflectances and no fluorescence.
Recognition and classification of bituminite has been a problem for 
organic petrologists. The term 'bituminite' was initially used as a 
maceral designation by Teichmuller (1971) where she described it as an 
'unfigured', autochthonous liptinite present in petroleum source rocks. 
Teichmuller (1974) discussed bituminite with particular reference to 
coal petrology. She stated that it has optical properties between 
sporinite and vitrinite and that marked positive fluorescence alteration 
is a diagnostic feature. Teichmuller (1974) stressed that bituminite is 
"amorphous" and noted that it may be granular and grade into micrinite. 
Teichmuller (1971; 1974) selected the term 'bituminite' to emphasise 
the bituminous nature (i.e. large yields of extractable bitumen and 
large amounts of retorted hydrocarbons). The present study indicates 
that bituminite yields less hydrocarbons per unit weight than typical 
liptinites (see Chapter 8).
)
ICCP (1975) agreed with Teichmuller's (1974) definition and added that 
examination of bituminite at high magnification commonly reveals round 
to oval granules that are 0.002 to 0.004 mm in diameter and have 
indistinct boundaries. They also stated that amorphous bitumen and 
polymerised bitumen are analogous terms for bituminite. In the present 
study, bitumen and bituminite are not considered to be related because
PLATE 5 Photomicrographs of Bitosites from the Toolebuc Formation, Queensland, Australia and Narosites and a Bitosite from the Basin de Paris, France
a. Toolebuc Formation bitosite; sanple 15872 (well cuttings sample)
Bituminite (grey laminae), micrinitised bituminite (grey with white flecks; top) and highly-reflecting (bright white spheroids and framboids) 
and other minerals.
Field width = 0.28 mm; reflected light; perpendicular to bedding
b. Toolebuc Formation bitosite; sanple 11467 (drill core sample)
Fluorescing bituninite (dull brownish green; top), lamalginite (yellow lamellae), liptodetrinite (yellow flecks), small tasmanitid (yellow; 
centre) and minerals.
Field width = 0.28 mm; fluorescence-mode; perpendicular to bedding
c. Toolebuc Formation bitosite; sample 11467 (drill core sanple)
Positive alteration of bituminite and background fluorescence. Sample was irradiated for about 30 minutes with a x125 objective, which caused 
enhanced emission from that part of the field. Bituninite (dull to medium brownish green laminae), micrinitised bituminite (black), lamalginite 
(yellow lamellae), telalginite (yellow; lower right), liptodetrinite (yellow flecks) and minerals are present.
Field width = 0.44 mm (x32 objective); fluorescence-mode; perpendicular to bedding
d. Toolebuc Formation bitosite; sample 6726 (drill core sample)
Micrinitised bituminite (white and grey flecks; centre), bituminite (dark brownish grey laminae; bottom) and minerals (largely out of focus). 
Field width = 0.15 mm; reflected light; perpendicular to bedding
e. Toolebuc Formation bitosite; sa^sle 11472 (drill core sanple)
Dinoflagellate/acritarch cyst (yellow with small processes), liptodetrinite (yellow flecks) and highly-reflecting minerals (black) within 
fluorescing bituminite. Mineral matrix is out of focus.
Field width = 0.28 mm; fluorescence-mode; parallel to bedding
f. Toolebuc Formation bitosite; sample 11473 (drill core sanple)
Dinoflagellate/acritarch cysts in bituminite and mineral matrix.
Field width = 0.56 mm; fluorescence-mode; parallel to bedding
g. Basin de Paris marosite, France; sample 11609 (spot sanple)
Lamalginite (orange lamellae), liptodetrinite (orange flecks) and highly-reflecting (black) and other minerals.
Field width = 0.28 mm; fluorescence-mode; perpendicular to bedding
h. Basin de Paris marosite, France; sample 12753 (split from bulk spot sanple)
Dinoflagellate/acritarch cysts (orange and yellow), liptodetrinite (yellow and orange flecks) and minerals.
Field width = 0.22 mm; fluorescence-mode; parallel to bedding
i. Basin de Paris bitosite, France; sample 12753 (split from bulk spot sanple)
Partially micrinitised bituminite (dark grey and light grey) in mineral matrix.
Field width = 0.15 mm; reflected light; perpendicular to bedding
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bitumens are formed after deposition during maturation. Stach et al. 
(1975) and Teichmiiller and Wolf (1977) gave descriptions of bituminite 
similar to those of Teichmuller (1974).
Because of the variable optical properties of bituminite in 
Posidonienschiefer bitosites, Teichmuller and Ottenjann (1977) 
subdivided bituminite into three groups. Bituminite I occurs in lenses 
and laminae, has a brown fluorescence with strong positive alteration 
and commonly contains liptodetrinite, which possibly represents cell 
infillings. This is the major type of bituminite in the 
Posidonienschiefer and is similar to much of the bituminite in TF oil 
shales. Bituminite II exists as large elliptical bodies greater than 
about 0.2 mm in diameter, has stronger fluorescence than type I and 
suffers weak negative fluorescence alteration. Bituminite III has a 
fine granular structure, no fluorescence and has common associations 
with faunal remains. Bituminite similar to types II and III is rare in 
TF oil shales. Because of gradations between bituminite of variable 
optical properties and because of complicating effects of 
micrinitisation, bituminite is not subdivided in the present study.
Hutton et al. (1980) stated that alginite B is analogous to some of the 
bituminite types described by Teichmuller and Ottenjann (1977). 
According to the definition of bituminite as a "primary liptinite 
maceral without discrete form and structure and with variable 
fluorescence and reflectance" (Teichmuller, 1982b), some lamalginite 
could be classed as bituminite. This definition is not used in the 
present study and alginite B (lamalginite) is differentiated from 
bituminite. Teichmuller (1983) stated that bituminite is the 
characteristic maceral of Green River Formation oil shales. As 
mentioned in Chapter 5, the major maceral in GRF lacosites is classed as 
lamalginite in the present study.
The ICCP is currently considering a section entitled 'bituminite in 
rocks other than coal' by Teichmuller (1987) for inclusion in the next 
ICCP handbook. This definition states that bituminite is a liptinite 
maceral that has no definite form and occurs as autochthonous stringers, 
lenses and matrices. The proposal states that bituminite has variable 
internal structure, variable fluorescence (brown to yellow) and a
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reflectance less than that of vitrinite. Organic matter classed as 
bituminite in the present study has more limited fluorescence 
characteristics (i.e. nonfluorescent to orange) than those of the 
Teichmiiller' s (1987) definition.
Numerous authors have used the bituminite definitions of Teichmiiller 
(1974) and Teichmiiller and Ottenjann (1977); some have made 
modifications. Creaney (1980) identified bituminite I in the Boundary 
Creek Formation in Canada and coined the term 'matrix bituminite' for 
material that is classed in the present study as 'mineral matter with 
background fluorescence'.
Stach et al. (1982) followed the definition of Teichmiiller and Ottenjann 
(1977) and added that "bituminite is the predominant maceral of oil 
shales and other oil source rocks". In the present study and other 
studies at the University of Wollongong, the dominant organic matter of 
oil shales other than bitosites and cannels is termed alginite. Stach 
et al. (1982) stated that the 'matrix bituminite' of Creaney (1980) is 
not a maceral.
The Standards Association of Australia (1986b) presented a definition of 
bituminite largely based on that of Teichmiiller (1974) and included some 
modifications based on the present work and other studies done at the 
University of Wollongong. Sherwood and Cook (1983; 1986) identified 
bituminite in TF oil shales and used the same definition as proposed in 
the present study.
Even though bituminite has been extensively described by Teichmiiller and 
others, the term has not become widely accepted. Some workers probably 
prefer not to use the term 'bituminite' because of the connotations of 
bitumen; in the present study bituminite is differentiated from 
bitumen.
Combaz (1975) at least partly referred to bituminite as "amorphe" and in 
1980, he subdivided the 'amorphous group' into granular, subcolloidal 
and pellicular. Alpern (1978b) defined bituminite I and II as 
fluorescent bitumen and in 1980, he classified bituminite as "gel 
algaires et bacteriens". Robert (1979) used the term 'alginite' for
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some bituminite and van Gijzel (1981) classified unfigured, liptinitic, 
organic matter as 'amorphinite'.
In an ICCP (1982) 'round robin' set of analyses of Toarcian bitosites, 
bituminite was classified by various workers as, "impregnation of 
bituminous matter", "bitumen or bituminous/humic Pmatter", "organic 
matter of unknown affinity" and "bituminite".
For TF oil shales, Hutton et al. (1980) grouped bituminite in with the 
matrix and did not specify it as a maceral. Hutton (1980), Cook et al.
(1981), Glikson (1983a, b) and Glikson and Taylor (1986) classified the 
bituminite as vitrinite-like matter, whereas Hutton (1982b; 1986a; 
1987a) used the term bituminite. Glikson (1982) classed the bituminite 
as "amorphous organic matter". Ramsden et al♦ (1982) classified it as 
"finely divided particulate matter somewhat resembling huminite in thin 
section" and Ramsden (1983) referred to bituminite as, "finely divided 
organic matter .... similar in appearance to huminite" and as "discrete 
laminae". He apparently referred to micrinite and possibly some 
bituminite as micron-sized granulation.
The confusion and inconsistencies in classification of bituminite are 
caused by a number of factors. Factors that have contributed to the 
misunderstandings for organic petrologists include the 'bitum— ' root of 
the word, the original wide-encompassing definition, modifications of 
definitions in various publications, misinterpretations of definitions 
and a lack of published, high-quality photomicrographs that illustrate 
bituminite, especially in reflected white light.
The nature of bituminite causes some difficulties in recognition and 
categorisation. In coals, other nonmarine rocks and samples that have 
unknown depositional environments, material referable to bituminite may 
be difficult to distinguish from detrovitrinite (desmocollinite), 
resinous vitrinite and suberinite-rich vitrinite. In the present study 
the term 'bituminite' is reserved for occurrences deposited in marine 
settings. Intimate associations of bituminite with mineral matrices 
also contribute to problems in identification. The variation in form, 
structure, occurrence and optical properties as well as gradations 
between types makes classification and recognition of bituminite 
troublesome.
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Teichmüller (1974; 1985; 1987), Teichmüller and Ottenjann (1977), ICCP 
(1975), Stach et al. (1975; 1982) and other workers have classified 
bituminite as a liptinite even though it has many attributes of 
vitrinite. This classification has probably caused some additional 
confusion for organic petrologists. Because of the intermediate 
characteristics of bituminite between those of vitrinite and 
strongly-fluorescing liptinite maceráis, bituminite is not regarded as 
liptinite nor as vitrinite in the present study. -
The problems of classification of bituminite are further complicated by 
its uncertain origins; liptinite maceral names refer to specific plant 
tissues (e.g. sporinite) or secretions (e.g. resinite). Teichmüller 
(1974) suggested that bituminite originates from anaerobic decomposition 
of algae, animal plankton and higher-plants. Most workers at least 
partly have agreed on this interpreted origin.
Sherwood and Cook (1981; 1983; 1986) suggested that bituminite in TF 
oil shales possibly originates partly from brown or red algae, such as 
kelps and seaweeds, or from other phytoplankton and phytobenthos. From 
studies of oil shales from Kansas, USA, Sherwood and Cook (1982) also 
proposed red or brown algae as possible progenitor materials.
Hutton (1982b) favoured a degraded planktonic, algal precursor for 
bituminite in TF oil shales and he suggested that a variety of 
precursors could account for the variable optical properties; he listed 
various floral and faunal remains as other possible contributors. Cook 
(1982a) suggested that a benthonic, algal— fungal mat could be the 
source of bituminite in TF rocks. Hutton and Cook (1983) favoured an 
algal mat or degraded phytoplankton as precursors for bituminite in 
the TF.
Glikson (1982) proposed that the black, organic matter-rich laminae in 
TF oil shales are suggestive of algal mats. From studies on scanning 
and transmitting electron microscopy, she identified Nostoc-type and 
Anabaena-type cyanobacteria in the rocks. She suggested that the 
"wealth of microbial remains" in the samples were responsible for 
degradation of precursor organic matter into "amorphous organic matter" 
(bituminite). She stated that bituminite comprises mesh-structured
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paleoproteins, humic acids and lipid-like organic matter. From further 
studies of the TF, Glikson (1983a) identified cyanobacterial filaments 
and again favoured a mat-type precursor for bituminite. She suggested 
that Oscillatoria is the predominant organic component of the oil 
shales. In 1983(b), she stated that mat-forming, filamentous, 
Oscillatoria-type cyanobacteria seem to have been major contributors to 
the organic matter.
Ramsden (1983) suggested that Coccolithophoridaceae could be a source 
material for much of the "nondescript lamellar organic matter" in TF oil 
shales at Julia Creek. Glikson and Taylor (1986) agreed that 
coccolithophores could be the source for some of the organic matter. 
The main basis for these interpretations was identification of abundant 
coccoliths in the mineral matrix. .
Glikson and Taylor (1986) identified calcareous replicas of organisms 
that resemble Oscillatoria in the TF and stated that filaments of 
inferred cyanobacteria are 'not uncommon'. They favoured benthonic, 
cyanobacterial mats as major precursors for the bituminite. Ozimic 
(1986) agreed with a benthic, algal mat progenitor but, from chemical 
and petrographic evidence, Boreham and Powell (1984; 1987) preferred a 
planktonic algal source.
Based on a detailed petrological study of the Posidonienschiefer, Loh et 
al. (1986) proposed that bituminite is a degradation product of 
lamalginite derived from algal mats.
The Standards Association of Australia (1986b) stated that the origins 
of bituminite are unknown and that it is possibly a mixture of humic 
matter, degraded algae and other liptinites.
Based on TEM studies of bituminite in some coals from Illinois, Taylor 
et al. (1991) favoured green algae as the major precursor; they 
suggested that microbial and algal degradation products were 
contributors.
As shown above, most workers have agreed that bituminite is at least 
partly derived from algae. The optical properties and mode of 
occurrence of bituminite are different however from those of organic 
matter traditionally referred to as alginite. Because of these
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differences, uncertain origins and variable characteristics of 
bituminite, most authors have postulated extensive degradation and a 
mixed suite of progenitor organic matter types (e.g. Teichmüller, 1974; 
1985; 1987; Creaney, 1980; Hutton, 1982b; Gormly and Mukhopadhyay, 
1983).
The unique and variable properties of bituminite may be caused by 
progenitor material, syndepositional effects, postdepositional effects 
or a combination of the three. A combination is most likely but 
progenitor material is probably a controlling factor. To explain the 
intermediate optical and chemical properties of bituminite, some authors 
have proposed a mixture of humic precursors and conventional algal or 
other lipid-rich precursors. The nature of bituminite is more easily 
explained by a unique progenitor that has characteristics of humic 
matter and lipids. Examples of such algal types include Phaeophyta 
(brown algae; seaweeds, kelp and related forms) and Rhodophyta (red 
algae; seaweeds). Phaeophyta contain lipids, which are required by 
aquatic plants to maintain water balance, and contain ubiquitous 
cellulose microfibrils (Stewart, 1974), which normally constitute about 
20% of the cell walls (Dodge, 1973). Cellulose is a general feature of 
the cell walls of rhodophytes (Stewart, 1974) and may constitute up to 
25% of the walls (Dodge, 1973). Some brown algae contain up to 40% 
alginic acid, which is a carbohydrate derivative (Tissot and Welte, 
1978). In some rigid water plants, lignin is possibly also present. 
Although the bituminite of the TF has been at least partly decomposed, 
the indistinct internal morphology of some occurrences is consistent 
with the cell sizes and cell contents of modern kelp.
Bituminite, at least in part, probably arises from Cyanophyta 
(blue-green algae; cyanobacteria). Cyanophytes produce mucilage 
sheaths, which envelop murein cell walls. These sheaths are composed of 
complex polysaccharides. Some of the polysaccharides form complexes 
with iron and consequently preservation may be enhanced (Tappan, 1980). 
As mentioned above, Glikson (1982) identified cyanophytes that resemble 
Nostoc and Anabaena but these may not be the sole or even the main 
contributors to bituminite in TF oil shales. Glikson (1983a, b) stated 
that Oscillatoria is a major contributor but quantitative data were not 
supplied and the evidence is therefore inconclusive. Glikson and Taylor 
(1986) identified rare, preserved organisms that resemble Caulobacter
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and Flectobacillus marinus and indicated that Oscillatoria-tvoe forms 
are sparse. A cyanophyte mat is however a possible, major precursor for 
bituminite, notably that which forms a matrix for minerals. Gebelein 
(1969) noted that the mucilaginous sheaths of Cyanophyta may act as 
sediment traps. Williams and Reimers (1983) suggested that mats similar 
to these are precursors for much of the organic matter (bituminite) in 
the Miocene Monterey Formation of California. Based on sedimentological 
evidence, Schieber (1986) suggested that benthonic microbial mats are 
the precursors for organic matter in some mid-Proterozoic, carbonaceous 
shales of Montana, USA.
If the progenitor algae for bituminite in the TF is a mat-forming 
variety, it may have been planktonic or benthonic. All alginite 
identified in the present study to a genus or species level has 
planktonic sources (e.g. Botrvoccocus-related telalginite, Tasmanites 
telalginite, Pediastrum lamalginite and most dinoflagellates and 
acritarchs). These forms however have markedly different optical 
properties than bituminite. Some lamalginite present as thick layers 
(e.g. in lacosites from the Green River Formation and Mae Sot Basin) may 
be derived from benthonic algae.
The small size of Coccolithophoridaceae suggests that they are an 
unlikely source for the massively structured bituminite. By 
extrapolation, they were probably not a major source for more diffuse 
occurrences because the diffuse forms have similar optical properties to 
those of the massive varieties. For TF oil shales, contributions to 
bituminite from terrestrial plants are probably negligible. 
Contributions from faunal remains are probably minor or insignificant 
although some bituminite associated with fish remains probably has 
faunal precursors.
The major precursor of bituminite remains uncertain even though some 
probable cyanobacteria have been identified by some workers. The 
progenitor material is probably a controlling factor for the optical 
properties of bituminite. An algal source is most likely; possible 
contributing algal types include Rhodophyta, Phaeophyta and Cyanophyta. 
Some of these algae may have been benthonic or planktonic mats. Other 
possible contributing sources for bituminite include fecal pellets and
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cellulose walls of dinoflagellates and acritarchs. Until the progenitor 
material is proven to be algal, this component should be termed 
bituminite but it should probably not be regarded as liptinite nor as 
vitrinite, because of its transitional properties.
Syndepositional effects that could lead to vitrinitic characteristics of 
originally lipid-rich precursors and possibly also to some 
micrinitisation include biodegradation and other types of decomposition 
that involve redistribution of oxygen present in the original molecular 
structures. Interbeds of coquina derived from benthonic shelly material 
are intimately associated with the oil shales and indicate aerobic 
phases.
Some of the properties of bituminite are caused by postdepositional 
effects such as gélification, humification and maturation. The lack of 
discrete form of much of the bituminite and much of the variation in 
optical properties are caused by micrinitisation.
Stach et al. (1975) emphasised that although micrinite is classed as 
inertinite, it has numerous attributes of liptinite. It has more 
hydrogen and volatile matter than other inertinites, it is not inert 
during technological processes such as carbonisation and it is not 
especially carbon rich. They found that bituminite— micrinite 
transitions exist in bituminous coals and deduced that bituminite, as 
well as resinite and sporinite, is a progenitor of micrinite. They 
stated that some micrinite is possibly formed as a primary macérai from 
cell walls of higher-plants.
In a thorough investigation of micrinite in coals and nonmarine oil 
shales, Teichmüller (1974) found a distinct paucity in peats and brown 
coals and an abundance in "sapropelites" and torbanites, both of which 
have hard coal ranks. She deduced that micrinite in these rocks 
originates from coalification of liptinitic precursors and that the 
transformation is a sudden dehydration that forms hydrocarbons.
Numerous authors have agreed that micrinite forms largely as a 
maturation product from other macérais (e.g. Teichmüller and Ottenjann, 
1977; Teichmüller and Wolf, 1977; Creaney, 1980; Robert, 1981;
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Stach et al. , 1982; Hutton, 1982b; Cook and Kantsler, 1982; Gormly
and Mukhopadhyay, 1983; Bustin et al., 1983; Sherwood and Cook, 1983; 
1986; SAA, 1986b; Taylor and Liu, 1989a, b) . The amount of 
micrinitisation of bituminite is therefore inversely related to the 
specific hydrocarbon yield upon retorting.
For TF oil shales, Hutton (1982b) stated that micrinite is associated 
with vitrinite and he added that micrinite and bituminite III could be 
genetically related. Hutton and Cook (1983) did not list micrinite in 
their petrographic analyses of TF oil shales but stated that micrinite 
is commonly associated with bituminite III.
In the present study, a secondary origin for micrinite is favoured 
although minor amounts may have formed during deposition or early 
diagenesis. For TF and other bitosites (Appendices 1 and 3), the 
evidence for micrinite as an alteration product of bituminite includes 
intimate bituminite— micrinite associations and various degrees of 
micrinitisation. Some of the workers who have discussed bituminite have 
not mentioned micrinite associations. The present study of TF and other 
bitosites shows that micrinitisation is commonly a characteristic 
feature of bituminite. Shibaoka (1983) suggested that inertodetrinite 
and porigelinite are possible precursors of micrinite in some coals. 
This origin is unlikely for the marine deposited TF and petrologically 
similar oil shales.
Many authors have found that bituminite transforms to micrinite at ranks
of about 0.6% R (see Stach et al., 1975; 1982). The estimatedV,max _
rank of the TF is typically 0.4-0.5% R „ . The abundance of micrinite2 V,max
in TF oil shales indicates that either micrinite and associated 
hydrocarbons are formed from bituminite at ranks lower than 0.6% R
V f  u ldX
or the micrinite has formed from other postdepositional effects such as 
biodegradation and other types of oxidation. Some micrinite may have 
been produced by the same syndepositional and postdepositional processes 
that aided in the formation of bituminite from algal precursors. If 
these processes involved syndepositional oxidation, aerobic conditions 
must have existed at the sediment surface during at least some of the 
deposition of TF oil shales. Radioactivity associated with the organic
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matter possibly contributed to the formation of bituminite and 
micrinite.
7.3b Lamalginite
Lamalginite is ubiquitous in TF oil shales. It constitutes up to 20% of 
some rocks although the samples studied quantitatively all contain less 
than 7% lamalginite (Table 28).
Lamalginite is commonly present as thin lamellae less than 0.02 mm long 
and less than 0.005 mm in thickness (Plate 5b and c) but longer, thicker 
walled forms are also present. In parallel section, the lamalginite 
commonly has a circular shape and in some cases it has ornamentation 
(Plate 5e and f). The lamalginite has a very low reflectance and 
consequently it is not visible in reflected white light (Plate 5a); it 
typically fluoresces bright yellow to dull orange. Partial replacement 
of lamalginite by highly-reflecting minerals is common. Lamalginite is 
disseminated throughout the oil shales, is concentrated in some laminae 
and is commonly associated with bituminite (Plate 5e) . Of the samples 
analysed in the present study, the highest grade oil shale has the 
greatest amount of lamalginite (about 20%) as well as the greatest 
amount of bituminite (about 40%).
The algal affinities of lamalginite are evident where samples are 
examined in parallel section. The general morphology, presence of 
processed forms and reflected tabulation of some cysts (i.e. impressions 
of plate boundaries of an outer cell wall) indicate that much of the 
lamalginite is derived from the cysts of dinoflagellates and acritarchs 
(Plate 5e and f). Identification of the cysts to a species or genus 
level and differentiation between dinoflagellate and acritarch cysts are 
generally impracticable using the methods of the present study. Some 
acritarch genera such as Vervhachium can be recognised however in 
samples sectioned parallel to bedding. Vervhachium has a characteristic 
three-pointed, star-shaped morphology.
Dinoflagellates are unicellular, biflagellate organisms that may be 
classed as animals or plants. Although some heterotrophic types exist, 
most dinoflagellates are autotrophic and therefore they are regarded as
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algae in the present study. Dinoflagellates range in size from 0.005 to 
2 mm in diameter and have an average diameter between 0.025 mm and 
0.250 mm. They are mostly planktonic and marine but freshwater and 
benthonic forms also exist. About 20 Holocene species of 
dinoflagellates produce toxins which are lethal to other organisms; 
during blooms they may cause mass mortality of fish.
Many types of dinoflagellates have a resting stage in their life cycle. 
During this stage, a highly resistant, lipidic cell wall forms within 
the predominantly cellulose wall (theca) of the motile stage. 
Dinoflagellates encyst to form a hypnozygote stage for sexual 
reproduction and during events of adverse environmental conditions such 
as those caused by population pressure during algal blooms. After 
encystment, dinoflagellates settle through the water column, the thecae 
decompose and resistant dinocysts remain. Where adverse conditions 
cause encystment, the organisms excyst if a hospitable environment 
resumes. During this stage, motile forms emerge and the cysts are 
potentially preserved. Dinocysts are the only documented representation 
of dinoflagellates in the fossil record.
Dinocysts are largely composed of two cell walls that have variable 
degrees of contact. Cysts that have discontinuous contacts of the two 
walls are termed cavate cysts. Proximate, chorate and proximochorate 
cysts have cell walls in close contact and have morphologies largely 
determined by the relationship that the cell walls had with the thecae. 
Proximate cysts form in close proximity to the thecae and are devoid of 
large processes; chorate cysts form well inside the thecae and are 
characterised by long processes for attachment to the thecae. 
Proximochorate types have characteristics between those of proximate and 
chorate cysts. Acritarch cysts are also divided according to these 
characteristics. All of these types are present in TF oil shales 
although some of the differentiations are difficult with employment of 
the methods of the present study.
Processes of the chorate dinoflagellate and acritarch cysts in TF oil 
shales have a wide range in morphology but most individual cysts have 
homomorphic ornamentation. The types of processes include solid and 
hollow varieties, cylindrical, tubiform and buccinate (horn-shaped)
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forms and erect, curved and sinuous shapes. The types of distal ends 
include foliate, bifid, digitate, branched, bifurcate and trifurcate 
(cf. Sarjeant, 1974).
Chorate cysts in TF oil shales are mostly spheroidal (Plate lb) but the 
other cysts have highly variable morphologies (Plate 5f). Peridinioid 
(star-shaped, mostly cavate cysts) and ceratioid (irregularly shaped) 
cysts are common varieties. Sizes, cell wall thicknesses and 
fluorescence colours of the cysts are also highly variable.
Dinoflagellate cysts are normally classified according to the form of 
the archeopyle (hole through which excystment occurs), reflected 
tabulation, general shape and cyst type (e.g. proximate). The 
positions, distributions and morphologies of processes may aid in 
generic and specific identification. Classification of the 
dinoflagellate cysts in the TF is beyond the scope of the present study.
McMinn and Burger (1983; 1986) identified Endoceratium ludbrookiae and 
Diconodinium dinoflagellate cysts in the TF and Hutton (1982b) stated 
that six genera of dinoflagellates can be recognised in TF oil shales: 
Cleistosphaeridium, Spiniferites, Oliqosphaeridium. Trichodinium. 
Spinidium and Diconodinium.
Acritarch cysts generally have similar morphologies to dinocysts but 
they have uncertain origins. Some palynologists have believed that 
acritarchs may be dinoflagellates that lack preserved, definitive 
features of dinoflagellates (e.g. Sarjeant, 1970a; 1974) and many have 
agreed that acritarchs originate mostly from unicellular, marine, 
planktonic algae (Evitt, 1963; Downie et al. . 1963; Sarjeant, 1969, 
1970b; Lister, 1970). Sarjeant (1974) suggested that a decline in the 
abundance of acritarchs in the Mesozoic coincides with an increase in 
the abundance of dinoflagellate cysts and therefore most acritarchs 
possibly are dinoflagellates. Tappan (1980) however noted a lapse of 
about 170 million years between the major decline in acritarch diversity 
during the Carboniferous and the increase in dinoflagellate 
diversification in the Mesozoic. She stated that organisms tending 
towards extinction do not normally re-establish and proliferate.
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Williams (1978) noted that some Holocene phytoplankton in sediments 
could be classified as acritarchs.
Acritarchs are commonly unicellular but colonial forms also exist 
(Williams, 1978). The cysts are preserved as ornamented or
smooth-walled palynomorphs. As mentioned above, the types of processes 
and general morphologies of acritarch cysts may be divided as for 
dinocysts.
Acritarchs identified in TF oil shales include Vervhachium (Hutton et 
al. , 1980) and Micrhvstridium (Sherwood and Cook, 1986); these two 
types have wide stratigraphic ranges over the phylogeny of acritarchs 
(Loh et al., 1986).
Ramsden (1983) suggested that lamalginite may originate from "original 
filamentous algae" and he was presumably referring to
Coccolithophoridaceae. The size and morphology of most of the
lamalginite in TF oil shales indicates that a Coccolithophoridaceae 
progenitor is unlikely.
In rare instances, lamalginite in the oil shales possibly originates 
from Nostocopsis, which is a single-celled, blue-green alga. This 
lamalginite is disc shaped, about 0.003 mm in diameter and is commonly 
associated with bituminite. It may be analogous to the Nostoc and 
Anabaena types of Glikson (1982) and the Oscillatoria types of Glikson 
(1983a, b) and Glikson and Taylor (1986). Teichmüller and Ottenjann 
(1977; after Madler, 1963) determined that some liptodetrinite of
Posidonienschiefer oil shales originates from Nostocopsis♦
Some of the lamalginite in TF oil shales is less than 0.003 mm in 
thickness and possibly originates from other thin-walled algae or 
organic films; some of the large varieties may represent algal 
colonies.
7.3c Telalginite
Telalginite is rare in the samples analysed in the present study but 
studies on other bitosite deposits (Appendix 3) indicate that
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telalginite-rich facies may exist within other parts of the TF oil shale 
deposit. Most of the telalginite is disc shaped, has well-defined cell 
walls and originates from prasinophyte cysts. The cysts are generally 
less than 0.3 mm long and the cell walls are up to 0.02 mm thick. In 
some occurrences, the walls contain fine radial canals, which are 
diagnostic of tasmanitids; in parallel section these canals cause the 
phyterals to appear pitted (Plate 7g) . Reflectances of the cysts range 
from about 0.02 to 0.04% and they commonly fluoresce bright or medium 
yellow. The cysts are disseminated throughout the oil shales and are 
concentrated in some laminae.
Prasinophytes are noncellulosic, primitive green algae that have a 
short-lived flagellate stage and a vegetative, reproduction stage which 
involves the formation of a phycoma (cyst). The cysts of many 
prasinophytes are similar to those of Tasmanites and are termed 
tasmanitids.
Tasmanitid cysts are unicellular and are derived from marine, planktonic 
Prasinophyceae. The cysts range from about 0.05 to 0.6 mm in diameter 
and have cell walls that range from about 0.005 to 0.02 mm thick. 
Tasmanitids have variable morphologies; the arrangement and morphology 
of the canals are used by palynologists for species identification. 
These canals were possibly used by the organisms for the uptake of 
nutrients (Tappan, 1980).
Ramsden (1983) referred to telalginite as "spore-like bodies" and 
suggested that they could originate from zoospores of 
Coccolithophoridaceae.
Some telalginite in TF oil shales has unknown affinities. It has 
optical properties similar to those of the tasmanitid cysts but it is 
composed of thin lamellae arranged concentrically, spirally or as 
convolutions. The concentric forms may originate from tasmanitids or 
from prasinophytes related to Halosphaera. which is a Holocene 
prasinophyte that commonly has growth lamellae in its cysts (see Tappan, 
1980). The alginite that has spirally arranged walls may originate from 
Lancettopsis or a related genus. Madler (1963, cited in Tappan, 1980) 
identified Lancettopsis. which has a 'rolled-up' appearance, in the
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Posidonienschiefer and suggested that it originates from prasinophyte 
spores. Some of the indeterminate telalginite may originate from rolled 
algal or bacterial films similar to those identified by Emery et al. 
(1984), sporangia of water plants or from faunal remains. Variation in 
the mode of preservation of normally globular algal remains may account 
for some convoluted forms of algae (Tappan, 1980).
7.3d Other Macerals
Liptodetrinite is ubiquitous as disseminations throughout TF oil shales 
(Plate 5) and generally constitute 1-10% by volume of the rocks. The 
optical properties are variable but they commonly resemble those of 
lamalginite. Much of the liptodetrinite probably originates from 
comminution of dinoflagellate and acritarch cysts, particularly from 
detachment of processes. Lesser amounts probably originate from 
Nostocopsis and other small algae, fragmented remains of other 
liptinites, algal spores and small pods of bitumen and resinite.
Inertodetrinite is disseminated throughout the oil shales but at most 
constitutes 1-2% by volume of the samples. Some inertodetrinite in TF 
oil shales may originate from oxidised higher-plant matter and some 
originates from faunal remains.
Sporinite, bitumen, resinite and vitrinite are all dispersed in trace 
amounts in the oil shales. Sporinite has a medium yellow or medium 
orange fluorescence and largely originates from higher-plant pollen and 
spores that were washed or blown into the Toolebuc sea. Bitumen and 
resinite commonly are present as pods about 0.01 mm in diameter; they 
have low reflectances and typically medium to bright yellow 
fluorescence. Bitumen and resinite probably are mostly derived from 
waxes, fats, oils and resins exuded from organic matter. Small pods of 
resinite are present within some lenses of bituminite and may represent 
original botanical entities. The bitumen may have been generated within 
the TF or within other formations.
Vitrinite is present mostly as very rare disseminations of 
vitrodetrinite; it originates from woody tissues that were washed into 
the basin.
197
Most TF oil shales have some background fluorescence (Plate 5b and c). 
This fluorescence is pervasive throughout the mineral matrix and 
exhibits positive alteration after extended irradiation. It probably 
originates from liptinite 'show-through', finely comminuted biodegraded 
liptinite, faunal oils, dispersed bacteria, fluorescent minerals and 
bitumen absorbed on mineral grains.
Depending upon the maceral composition, most retorted hydrocarbons from 
TF oil shales either originates from bituminite, telalginite, 
lamalginite, liptodetrinite or a combination. Where bituminite is 
dominant and especially where it is micrinitised, oil yields are low and 
residual carbon is present in the retort residues.
7.3e Maturation
Because vitrinite is rare within TF oil shales, the mean maximum 
reflectance of bituminite was measured in the samples studied 
(Table 29). These data indicate a low maturity but no direct 
correlation can be made with the standard rank determination from 
vitrinite reflectance data.
Vitrinite is however more common in overlying and underlying units. 
Interpolations from drill-core data enable determination of an 
approximate mean maximum reflectance that vitrinite would have if it 
existed in TF oil shales and no intermaceral effects existed. The 
pattern of reflectance distribution for the TF is very similar to that 
illustrated by Kantsler et al♦ (1986) for the top of the Transition 
Beds/Cadna-owie Formation of the Eromanga Basin. The interpolated 
vitrinite reflectance values for the TF are however about 0.2% less in 
high rank areas and about 0.1% less in low rank areas than the top of 
the Transition Beds/Cadna-owie Formation horizon (Sherwood and Cook, 
1986). The estimated R̂ , for the TF in outcrop areas ranges from 
0.35% to 0.45%; values are typically 0.40% to 0.55% in subsurface 
areas.
Similar to the other oil shale deposits analysed in the present study, a 
vertical variation in rank of TF oil shales is precluded because of the 
lack of thickness.
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The fluorescence colours of liptinite in the samples studied also 
indicate immaturity. Telalginite and dinoflagellate/acritarch- derived 
lamalginite however maintain a bright fluorescence up to high volatile 
bituminous ranks.
From the evidence mentioned above, the TF would normally be categorised 
as immature to marginally mature for oil generation (i.e. 'hard brown 
coal rank'). If the micrinitisation of bituminite was caused by 
maturation, some oil generation within the TF oil shales is indicated. 
Teichmiiller (1974) stated that micrinitisation is indicative of a 
bituminous rank but Cook (1982a) suggested that bituminite can generate 
considerable amounts of hydrocarbons at lower ranks than most other 
macerals. For micrinite occurrences, Taylor and Liu (1989a) suggested 
that hydrocarbons have probably been expelled and they may have been 
liberated at ranks as low as 0.35% vitrinite reflectance. For various 
sediments rich in humic matter, Evans et al. (1984) found that alkane 
production by loss of functional groups is largely complete at
0.65% RV ,max.
For Posidonienschiefer oil shales affected by a deep-seated intrusion,
Rullkotter et al. (1988) suggested that one third of the organic matter
had transformed into bitumen before 0.7% R and that about 65% ofV, max
this bitumen had migrated from the rocks.
Moore and Pitt (1984) reported oil shows in a number of TF intersections 
and Ozimic and Saxby (1983) noted a flow of kerosene-like fluid from the 
TF in Bureau of Mineral Resources Jericho-11 drillhole. Ozimic and 
Saxby (1983) interpreted the fluid "as being related to a mature 
hydrocarbon of probably nonmarine origin" and presented a gas 
chromatogram of the alkanes. According to the carbon preference index
of about 1.1, the (nC21 + nC22)/(nC28 + nC29) value °f ab°Ut 5‘9 and thS 
pristane/nC ratio of 1.1, an immature marine source is likely for
these alkanes (after Scalan and Smith, 1970; Philippi, 1974; and
Lijmbach, 1975 respectively). According to the carbon preference number 
and pristane to phytane ratio however, a mature terrestrial or mixed 
source is a possibility. Numerous similarities exist between the gas 
chromatogram traces for the kerosene-like fluid, a Julia Creek oil shale 
pyrolysate presented by Philp and Gilbert (1983) and extracted organic
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matter from Julia Creek oil shale presented by Hutton et al. (1980). 
All three profiles have major predominant peaks at C , high pristane 
and phytane peaks, pristane to phytane ratios greater that unity and 
high pristane to nC^7 ratios.
Some oil has probably been generated from organic matter within the TF. 
Because of the low maturation level, the yield is probably small in 
relation to the ultimate potential but the TF oil shale facies 
represents a very rich, potential source rock for petroleum.
7.4 Depositional History
7.4a Introduction
From studies on the stratigraphy, organic and inorganic petrology, 
paleontology (including palynology) and geochemistry of Toolebuc 
Formation oil shales, numerous workers have agreed that the rocks were 
deposited in a marine environment (e.g. Day, 1969; Pacminex, 1975; 
Exon and Senior, 1976; Scheibnerova and Byrnes, 1977; Smart et al. , 
1980; Hutton et al. , 1980; Cook et al., 1981; Ramsden, et al ♦ , 1982; 
Ramsden, 1983; Sherwood and Cook, 1983; 1986 and various papers in 
Moore and Mount, 1982 and in Gravestock et al., 1986). The depositional 
environments of many petrologically similar, marine oil shales have been 
described in various publications (Table 30; see Appendices 1 and 3 for 
maceral analyses of some examples).
During the Cretaceous, especially from the Barremian to late Albian, 
many organic matter-rich shales were deposited in oceanic environments 
(Arthur and Schlanger, 1979; Dean and Gardner, 1982). These sediments 
have been described by various workers; most of the descriptions have 
an emphasis on speculations on causes for the organic matter 
preservation (see Table 31). Some of these causes relate to deposition 
of Cretaceous oil shales in epicontinental marine environments.
The TF oil shales, petrologically similar oil shales and oceanic, 
Cretaceous, organic matter-rich shales are generally characterised by 
laminae, abundant organic matter, a paucity or low diversity assemblage 
of benthic fauna (absent or rare infauna), abundant pyrite,
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well-preserved fossils and a lack of obvious bioturbation. This 
evidence, or in some cases less evidence has led most workers to presume 
deposition in anoxic bottom waters (Tables 30 and 31). In this model, 
oxygen depletion and a presence of hydrogen sulphide limit benthonic 
fauna which could bioturbate the sediments and decompose the fossils. 
Pyrite forms syndepositionally under these conditions.
Advocates of this model have commonly suggested possible mechanisms to 
promote the anoxia. The most commonly proposed models mainly involve 
either an expansion of midwater, oxygen-minimum zones or restricted 
circulation that led to stagnation and water column stratification 
according to redox potential (Tables 30 and 31). Some authors have 
applied these interpretations to oceanic environments and have 
extrapolated the models to adjoining epeiric seas (e.g. Arthur and 
Schlanger, 1979; Jenkyns, 1980).
The 'stagnation model' has also been independently applied to epeiric 
seas. The models for restricted circulation in epicontinental seas 
mostly involve either a barrier to circulation (e.g. silled basin of 
Demaison and Moore, 1980), excessive depth or attenuation of energy by 
frictional forces exerted over large areas of shallow water (e.g. Wilson 
and Jordan, 1983). A decreased solubility of oxygen due to warm water 
temperatures is commonly cited as a contributing cause for 'anoxic 
events' (Table 31).
The redox potential of a depositional environment represents a balance 
between oxygen consumption and supply. Oxygen is consumed mostly by 
oxidation of organic matter and oxygen is supplied mostly by currents. 
Phytoplankton are especially prone to oxidation by benthos because of 
their content of essential nutrients such as nitrogen and phosphorous 
but much of the succulent material does not reach the bottom. Most 
models devised to account for anoxic conditions involve limitations on 
oxygen replenishment. As mentioned in previous chapters however, 
sedimentation rate and organic matter productivity with its associated 
oxygen demand are deemed in the present work as critical factors for the 
deposition of organic matter-rich rocks. The rate of supply rather than 
the potential rate of loss of organic matter is important because rf the
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supply is great enough, preservation is likely to follow (cf. 
Pratt, 1984). Because much of the plankton that reaches the seafloor is 
refractory, toxic bottom conditions are not necessary for its 
preservation.
The role of biologic productivity has been regarded with various degrees 
of importance by different workers. Waples (1983) stated that some 
evidence exists for enhanced productivity during times of organic 
matter-rich deposition in the Cretaceous but that data on sediment 
accumulation rates, lithology and geochemistry indicate that the 
Cretaceous was generally characterised by low to moderate 
productivities. Arthur and Silva (1982) suggested that Cretaceous 
productivities were generally not high but an increase in productivity 
caused deposition of some organic matter-rich strata. Demaison and 
Moore (1980), Waples (1983) and Tyson (1987) noted that no simple 
correlation exists between productivity and preservation of organic 
matter in modern oceanic environments. The sediments they studied 
however have less organic matter than oil shales. From studies on 
Holocene sediments, Brawlower and Thierstein (1987) found that organic 
matter accumulation increases only slightly with increases in primary 
productivity. They did not however control for the effects of other 
complicating variables.
Because both the organic and mineral components of TF oil shales are 
derived form biologic activity, productivity must have been an important 
control on sedimentation. Numerous workers have agreed that 
productivity is a controlling factor for deposition of organic 
matter-rich sediments. Johnson (1982) and Maughan (1983) regarded high 
productivity associated with upwelling as a key factor in deposition of 
the Phosphoria Formation and oil shales respectively, in Ohio, USA. 
Dean and Gardner (1982) stated that the Albian represents one of two 
periods of maximum organic matter accumulation in the Atlantic Ocean and 
they mainly attributed this to an increase in organic matter input. 
Thiede et al. (1982) correlated high productivity associated with 
volcanic events, with deposition of organic matter—rich sediments 
(Table 31). Didyk et al. (1978) noted that organic carbon—rich beds and 
an inferred anoxicity could be caused by increased productivity. Degens 
and Stoffers (1980), Thiede and van Andel (1977) and Dean and Gardner
(1982) stated that 'black shale' may be deposited in oxygen-poor zones
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caused by high inputs of organic matter. Calvert (1987) suggested that 
primary productivity is the main determinant for the deposition of 
organic matter-rich rocks. The present study and numerous other studies 
suggest that high productivities of epeiric seas are important for 
deposition of organic matter in the oceans (e.g. Hallam, 1977; Arthur 
and Schlanger, 1979; Jenkyns, 1980; Habib, 1982; Simoneit and 
Stuermer, 1982; Dean et al. , 1984; Jenkyns, 1988). Most of these 
authors however attributed the additional biologic input to terrestrial 
plants whereas the present study suggests input mainly from marine 
phytoplankton and possibly phytobenthos. Some modern aquatic 
ecosystems, such as kelp forests, have very high organic productivities 
that rival those of tropical rainforests (Considine, 1984).
Biologic productivity is dependent upon a complex set of interrelated 
variables. These variables may be divided into three categories: 
physical, chemical and biological. Physical variables that control 
productivity include temperature, sea level and amount of light, which 
is mainly related to climate, water clarity, latitude and the seasons. 
Temperature is mainly related to climate and water movement. Some 
chemical factors that affect productivity are the concentration of major 
nutrients such as oxygen, carbon dioxide, carbon, silica, nitrogen 
(mostly as nitrates) and phosphorous (mostly as phosphates), minor 
nutrients, trace elements, vitamins and salt.
Biological factors relevant to productivity include inherent biological 
life cycles, light requirements, abundance of predators, abundance of 
organisms as a food supply, other interrelationships between various 
biota and tolerance to environmental change including overcrowding. 
Hydrographic conditions and the geography of basins and hinterlands are 
important because they control numerous other factors.
The most important of these factors generally are nutrient availability 
and the hydrographic constraints that affect it. The amount of sunlight 
is important for photosynthetic organisms but the high oceanic 
productivities at 15° to 30° latitude indicate that it probably is not a 
critical factor. Nutrients may originate from the water body, land 
masses or the atmosphere. The most important limiting nutrients for 
most aquatic plants are phosphate and nitrate. Phosphorite nodules are
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associated with numerous, marine oil shale deposits (Schlinsog and 
Angino, 1983; Maughan, 1983); phosphatic rocks underlie the TF. 
Phytoplankton may procure up to 50% of their organic nitrogen intake 
from animal excretion and products of microbial degradation (Considine,
1984). Nitrogen and iron are the main limiting nutrients for many 
aquatic plants and their abundances may be key factors with regard to 
eutrophication.
Small amounts of humic acids may stimulate the growth of some marine 
dinoflageHates (Prakash and Rashid, 1968) and therefore the 
biodegradation of pre-existing plants has a positive effect on biologic 
productivity in some cases.
Hydrographic constraints may have profound effects on nutrient 
availability. Turbulent mixing and advection are critical mechanisms 
for introducing and recycling nutrients in an aquatic ecosystem. These 
water movements are largely caused by winds or thermohaline processes. 
Zeitzshel (1978) suggested that turbulent mixing at the water surface 
generally controls phytoplankton growth. Upwelling is regarded by some 
workers as a controlling factor in organic productivity and the 
associated deposition of organic matter-rich rocks. 'Blooms', which 
involve productivity maxima, may be promoted by an influx of limiting 
nutrients from water currents. Stagnant, density-stratified water 
bodies such as those proposed by many workers for oil shale 
paleoenvironments, normally have low nutrient levels and associated low 
productivities.
According to the present study, circulation, high nutrient levels and 
blooming of algae are probably major contributing factors for marine oil 
shale deposition. These factors are related to numerous meteorlogical, 
oceanographical and geographical constraints. Climate is an important 
factor because it can promote circulation by causing advection and 
mixing, or climate may decrease circulation by causing water 
stratification. The temperature and amount of light received by 
ecosystems are also related to climate.
From studies on ancient transgressions and their relationships to the 
formation of potential petroleum source rocks, Tissot (1979) found that
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sea level affects the abundance, nature and preservation of organic 
matter; the abundance of preserved phytoplankton is greatest during 
deposition of transgressive sequences. This abundance is largely due to 
high productivities of epeiric seas during transgressions (Tissot, 1979; 
Tissot et al. , 1980). Although the TF was probably deposited as part of 
a generally transgressive sequence, the basal strata of the 
transgressive episode are not characterised by organic matter-rich 
rocks. Deposition of the TF and other marine oil shales probably 
represents episodes of increased productivity caused by a coincidence of 
many favourable factors.
Oxygen consumption due to input of organic matter, may cause a minimal 
downward diffusion of oxygen into sediments. Organic matter 
preservation is thereby promoted because of limited scavenging. 
Preservation may however occur below oxic waters where 
anaerobic— aerobic boundaries exist at or below sediment— water 
interfaces.
As discussed in section 4.2, numerous other factors along with 
productivity may influence organic matter preservation. For example, a 
high sedimentation rate aids in preservation. Phytoplankton that settle 
through a water column quickly are less susceptible to biodegradation 
and oxidation than that which settles slowly; organic matter buried 
rapidly is less susceptible than that which is buried slowly. Muller 
and Suess (1979) suggested that the amount of preserved organic matter 
in sedimentary rocks is universally related to bulk sedimentation rate; 
the amount of preserved organic carbon doubles for each ten fold 
increase in sedimentation rate. Other possible contributing factors 
that led to organic matter preservation in TF oil shales are the 
resistance of the organic matter to decay, formation of 
microenvironments, toxic decomposition products (e.g. metabolites, 
hydrogen sulphide, humic substances) and limited scavenging caused by 
either depth, salinity, sunlight, acidity or a combination.
For organic matter—rich shales deposited in marine settings, many 
features that are supposedly diagnostic of sedimentation in a restricted 
basin may have alternative explanations. As mentioned above, a lack of 
extensive biodegradation and bioturbation and a consequent preservation
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of fossil remains of organic or inorganic composition, may be promoted 
by a variety of factors. Curtis (1980) stated that the influence of low 
oxygen levels on bioturbation was uncertain and E. Kauffman (pers. 
comm., 1986) suggested that in many cases microbioturbation may be 
undetected. High phosphate levels in organic matter-rich sediments 
retards dissolution of skeletal apatite and therefore promotes 
preservation of fish remains (Jenkyns, 1988). Tschudy (1969) proposed 
that the antibiotic qualities of humic acids could be more relevant to 
organic matter preservation in peat bogs than a lack of oxygen; 
bituminite precursors probably comprised substantial amounts of humic 
acids. The abundant pyrite in many marine deposited oil shales may have 
formed in reducing microenvironments or diagenetically. Preservation of 
laminae can be enhanced by high sedimentation rates, diagenesis 
(e.g. dissolution of carbonate in clay-rich laminae and reprecipitation 
in carbonate—rich laminae (Gallois, 1976) or by intermittent 
bioturbation. Laminae may become more distinctive with burial and 
compaction because of grain reorientation or breakage (Gallois, 1976). 
Conant and Swanson (1961) suggested that laminae in the Chattanooga 
Shale are caused by reworking.
4
For marine deposited, organic matter-rich rocks, many features that 
indicate oxygenation have commonly been overlooked; in many instances, 
features 'diagnostic of stagnation' have been over-emphasised or 
misrepresented. Some workers however have found evidence that indicates 
oxic water conditions for deposition of these types of rocks. Current 
activity is indicated in the organic matter-rich Chattanooga Shale by 
channelled mud, erosional features (Conant and Swanson, 1961), ripple 
marks, cross-laminations and truncated laminae (Swanson, 1960b) and in 
Posidonienschiefer oil shales by numerous biofabric data (Kauffman, 
1981). Other supporting evidence that indicates deposition of some 
marine deposited oil shales in oxygenated, nonrestricted basins include 
abundant preserved benthos, interburrowing of oil shale and other 
lithologies (e.g. Kimmeridge Shale; Gallois, 1976), abundance of 
carbonate (see section 7.4b) and extensive oil shale distribution 
regardless of basin morphology and to a large extent, proximity to 
paleoshoreline.
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Several marine oil shale deposits that are characterised by a lack of 
benthos by some authors contain a low-diversity, benthonic faunal 
assemblage. The Kimmeridge Shale contains epifaunal and low 
oxygen-tolerant, infaunal remains (Morris, 1980). Gallois (1976) stated 
that Kimmeridge oil shales are richer in faunal remains than other 
associated lithologies. The fossils include benthic bivalves, 
gastropods and burrowing organisms. Although the faunal assemblage is 
limited in variety, he suggested that it does not indicate a restricted 
basin. Kauffman (1981) identified fish remains, molluscs, crinoids, 
burrows and benthonic bivalves, which include Inoceramus in the 
Posidonienschiefer. He noted that some authors have interpreted these 
fossils as allochthonous or pseudoplanktonic but he found no conclusive 
evidence for this. Teichmiiller (M., pers. comm., 1985) stated that some 
bioturbation is evident in Posidonienschiefer oil shales. In studies on 
organic matter-rich sediments of the Mediterranean Tethys, Arthur and 
Silva (1982) identified benthic forams in all sections examined.
The presence of a limited diversity assemblage of low oxygen-tolerant, 
epifaunal remains and a paucity of infaunal remains are evidence for an 
aerobic— anaerobic boundary proximal to the seabottom. From studies on 
sedimentary structures, paleoecology, mode of occurrence of invertebrate 
remains and functional morphology of fossils in the Posidonienschiefer, 
Kauffman (1981) favoured the existance of an oxic— anoxic boundary a few 
centimetres above or a few centimetres below the seabottom during 
deposition. From paleontologic evidence on benthos, Morris (1980) and 
Hallam (1987) suggested a similar model for deposition of the Kimmeridge 
Shale; Gautier (1986) proposed a similar model for deposition of 
various Cretaceous, organic matter-rich, marine shales of the USA. 
Jenkyns (1980) proposed that some oceanic, Cretaceous, organic 
matter-rich rocks were deposited when anoxic— oxic boundaries were 
coincident with the seabed. Low-diversity fossil assemblages commonly 
exist in high concentrations because of a lack of biotic competition 
(Wilson and Jordan, 1983).
Where organic matter-rich and mineral-rich (commonly carbonate) beds are 
finely interbedded, the oxic— anoxic boundary probably has successively 
migrated. Migration of the boundary may be caused by changes in 
productivity, water chemistry, sea level and circulation patterns.
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Most marine oil shales and many oceanic organic matter-rich shales were 
probably deposited in environments where oxic— anoxic boundaries were 
proximal to sediment— water interfaces. Migrations of the boundaries 
were mainly caused by variable productivities; organic matter-rich and 
organic matter-poor lithologies are consequently interbedded. Detailed 
petrological evidence coupled with paleontologic and stratigraphic data 
show that this model may apply to the deposition of TF oil shales.
7.4b Genesis of Minerals and Fossil Remains of Inorganic Composition
TF oil shales were deposited in a hemipelagic facies of a carbonate 
depositional environment. This facies is indicated by the fine grain 
size, fine laminae, extensive lateral distribution of the deposit, 
dominance of carbonate derived from tests of planktonic organisms and 
the paucity of terrigenous components. Because the sediments were 
deposited in an epeiric sea rather than an oceanic setting, water depths 
of hundreds of metres are not implied. Distribution of carbonate in 
hemipelagic environments mainly depends upon the balance of rate of 
carbonate consumption and rate of carbonate supply, which is largely 
related to productivity. Dilution effects from inputs of other mineral 
species and organic matter may alter the relative abundance of 
carbonate.
Most carbonate in TF oil shales originates from coccolithophores, which 
are unicellular phytoplanktonic organisms. They are mostly marine and 
photosynthetic and therefore largely live in the photic zones of oceans. 
They can survive however, at greater depths and at lower light levels 
than other plankton (Loh et al., 1986). Coccolithophores typically 
bloom in seas that are rich in land-derived nutrients and that have 
salinities slightly lower than average ocean values; blooms presently 
take place in the North Sea (Gallois, 1976). The formation of calcite 
walls (coccospheres) give the plankton an increased tolerance to low 
salinity (Sikes and Wilbur, 1982). Calcareous plankton, in particular 
coccolithophorids, dominated the pelagic flora of the late Mesozoic to 
Cenozoic; pelagic carbonate deposition was especially widespread 
during the Mesozoic and early Cenozoic possibly because of increased 
global temperatures (Scholle et al., 1983). Isotopic evidence indicates 
that coccolith—derived carbonate of the Kimmeridge Shales precipitated
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at about 26°C and the bottom water temperatures were probably about 15°C 
(Irwin et al.. 1977).
Because of the raising of erosional base levels during times of high 
eustatic ocean levels and the consequent decrease in terrigenous clastic 
input, hemipelagic and pelagic sedimentation may be characteristic of 
©psiiric seas* The bottom waters of these facies are generally not 
conducive to proliferation of benthonic carbonate fauna because of the 
extensive water columns. Water depths of greater than 50 m are normally 
implied (Scholle et al. , 1983) but autochthonous, coccolith oozes exist 
at water depths of less than 43 m in some lagoons of Belize (Scholle and 
Kling, 1972). Scholle et al♦ (1983) suggested that the coccolith-rich 
North American and European chalks were deposited during transgressive 
maxima.
Coccolithophores are consumed by predation and dissolution. Zooplankton 
such as foraminifers and radiolarians are their main predators (Scholle 
et al., 1983). Coccoliths dissolve mainly at depth; carbonate 
dissolution is predominantly controlled by carbon dioxide concentration, 
acidity and temperature (see discussion in section 5.4b). Decomposition 
of organic matter leads to increased carbon dioxide concentrations and 
acidity. During deposition of organic matter-rich rocks such as TF oil 
shales, large amounts of carbonate would therefore have been dissolved. 
TF bitosites however contain abundant organic matter in a carbonate 
matrix derived from coccoliths. Extensive preservation of these two 
constituents together may be due to water circulation. The circulation 
could have promoted carbonate stability by maintaining lower carbon 
dioxide levels and higher pH values than would exist in a restricted 
basin. Alkaline conditions and stability of carbonate may also be 
promoted by an abundance of calcium ions in the seawater. The 
interbedding of organic matter-rich and carbonate-rich laminae are 
probably caused largely by changes in Eh, pH and carbon dioxide levels, 
coupled with the associated changes in carbonate stability. These 
factors are all related to productivity and amount of organic matter 
input. Productivity was therefore a critical control on the TF 
depositional environment.
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Quartz in the TF oil shales is present mainly as a microcrystalline to 
cryptocrystalline cement within micrite (Ramsden, 1983) and is therefore 
diagenetic. The clay minerals, feldspar, and minor amounts of other 
silicates are allochthonous whereas gypsum probably precipitated from 
the seawater. Clay minerals, feldspar, muscovite, pyrite and detrital 
quartz are most abundant at the base of the TF (Ramsden, 1983). Most 
pyrite is present as disseminated framboids but some is present as 
secondary infillings or as replacements of organic matter and 
'inorganic' fossil remains. Framboidal pyrite probably precipitated 
during early diagenesis as a byproduct of bacterial sulphate reduction. 
During pyrite formation, the sediments were at least partly anaerobic.
As mentioned above, the faunal remains in TF oil shales comprise a 
low-diversity assemblage but they are highly concentrated. This type of 
assemblage is commonly considered to be characteristic of restricted 
basins (Wilson and Jordan, 1983) but this does not necessarily apply to 
TF oil shales. The coquinite beds largely comprise Inoceramus, which is 
a low oxygen-tolerant, epifaunal pelecypod. Most shelled organisms 
require oxygen at concentrations of at least 1.0 millilitre per litre of 
water (Scholle et al., 1983); most benthic invertebrates have 
difficulty secreting a calcareous shell at oxygen levels less than
1.0 ml/1 (Rhoads and Morse, 1971).
The fine interbeds of coquinites and oil shales probably represent 
rapidly changing conditions. Initiatory assemblages of opportunistic, 
euryoxic Inoceramus and Aucellina colonised the seabed when the 
oxic— anoxic boundary migrated to below the water— sediment interface. 
Slight changes in oxygenation, which ranged from dysaerobic 
(0.1-1.0 ml/1) to slightly aerobic, could have caused the interbedding. 
Extensive oxygenations of an anaerobic water column is unlikely. The 
variation in oxygen concentrations may have been due to variation in 
organic matter input or to water circulation. Reworked and sorted 
shells indicate some current activity. Some circulation could have been 
caused by overturns or storms; minor changes in sea level may have been 
a contributing factor. Massive beds of limestone and crystalline 
coquinite have wide distributions over basement highs in the Carpentaria 
Basin and probably represent deposition in shallow water.
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Infaunal remains have not been identified in TF oil shales and therefore 
the sediments were probably not suitable for inhabitation.
Few data have been published on fish remains present in TF oil shales. 
Kauffman (1981) however found some benthonic varieties in the 
petrologically similar Posidonienschiefer. He suggested that the beds 
of concentrated fish remains probably originate from mass mortality 
during overturn of the water column. Ramsden et al. (1982) suggested 
that some concentrations of fish remains immediately above TF oil shales 
were caused by a winnowing action of bottom currents as the waters 
shallowed before deposition of coquinite. They designated these beds as 
an indicator of regression.
7.4c Genesis of Organic Matter
7.4c i dinoflagellate/acritarch cysts
The presence of dinoflagellate and acritarch cysts and their morphology 
yield some insights into the environment of deposition for TF oil 
shales. As mentioned above, productivity is an important factor for the 
preservation of phytoplankton. Dinoflagellate and acritarch growth 
mainly depends upon water temperature, salinity, nutrient availability 
and amount of light. They can survive in open oceans where nutrient 
levels are low and some types are tolerant to variable temperature and 
salinity. Stable nutrient and light supplies are however desirable for 
proliferation and dinoflagellates generally prefer water temperatures of 
18-25° C (Tappan, 1980). The importance of consistent light
requirements for dinoflagellates is exemplified by their diurnal, 
vertical migration habits. Dinoflagellates need an adequate depth for 
this migration and they prefer to habitate a niche betweem 18 and 90 m 
water depth (Sarjeant, 1974).
Encystment is characteristic of neritic environments, temperate waters 
(Sarjeant, 1974) and unstable hydrographic regimes (Tappan, 1980). 
Highly diverse, heterogeneous assemblages of dinocysts are 
characteristic of offshore facies and diversity decreases during 
shallow, regressive stages (Tappan, 1980). Cyst-producing
dinoflagellates were largely restricted to shelf environments in the
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Cretaceous, although diversification increased in the middle Albian to 
Cenomanian (Habib, 1982).
Holocene dinoflagellates commonly bloom in continental shelf 
environments (Gallois, 1976) and some of these are toxic to Metazoans. 
The blooms are normally caused by changes in seasons, increased 
availability of nutrients or a combination of factors. An increase in 
water run-off could cause an influx of nutrients. Because growth is 
commonly limited by iron concentration (Tappan, 1980), increases in iron 
availability may contribute to blooming. Most blooms involve a single 
species but some involve two or three dominant species. Encystment 
commonly occurs during the late stages of blooms.
The Toolebuc Sea was a hospitable environment for dinoflagellate and 
acritarch productivity possibly because of high levels of nutrients. 
The depths required for dinoflagellate proliferation are not great 
although an offshore, transgressive, open-marine setting is indicated 
where a wide variety of cyst types is present. The occurrence of 
coccoliths substantiates a proposal of this facies.
Morphologies of dinoflagellate and acritarch cysts yield insights into 
paleoenvironments. Cysts that have thin walls and long elaborate 
processes are generally characteristic of quiet, offshore areas whereas 
those that have thick walls and short processes are characteristic of 
more turbulent, nearshore areas (Sarjeant, 1970a; Sarjeant, 1974; 
Williams, 1977; Williams, 1978). Burger (1980) noted that proximate 
acritarch cysts have a widespread distribution but decrease in abundance 
offshore; he added that the cysts may be widely distributed by 
currents.
Most dinoflagellate and acritarch cysts in TF oil shales are thin walled 
and they commonly have delicate ornamentation. They therefore probably 
proliferated in, and were deposited in low energy, distal offshore 
environments. Deposition of facies that contain thick-walled cysts, 
naked cysts, short-processed cysts and liptodetrinite, which presumably 
originates largely from comminution of processes, probably involved some 
limited current activity. Further, detailed studies of cyst
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morphologies and their associated facies could yield more details on the 
paleoecology of the lamalginite precursors for TF oil shales.
McMinn and Burger (1983; 1986) suggested that proliferation of
Diconodinium dinoflagellates is evidence for restricted conditions but 
they did not substantiate their interpretation. Ozimic and Saxby (1983) 
noted that massive domination by one or two species of phytoplankton 
indicates a restricted basin. The present study shows that a wide 
variety of organic matter types exists in the TF oil shales studied; 
some species domination however is likely during blooming periods in any 
environment. From studies on late Jurassic rocks of Britain, Wall
(1965, cited in Sarjeant, 1974) stated that Micrhvstridium is mostly 
present in enclosed basins and Vervhachium is mostly present in open 
seas. Other workers have also found that Vervhachium prefers offshore 
settings (Tappan, 1980). The presence of both of these types together 
in TF oil shales could be explained by incorrect interpretations of 
their preferred environments or variation of preferences according to 
species. Loh et al. (1986) stated that Vervhachium and Micrhvstridium
have some tolerance for low salinities and therefore their occurrence 
could be related to decreases in salinity due to freshwater run-off. 
This run-off would have supplied an abundance of nutrients which may 
have contributed to blooming.
7.4c ii bituminite
As mentioned above, bituminite has uncertain origins although an algal 
source is presumed. If the oil shales were deposited in a sapropelic 
environment, the bituminite must have planktonic sources because of the 
toxic bottom conditions. According to the model presented in the 
current study, planktonic or benthonic precursors are possibilities.
Algal mats are the most likely progenitor for any benthonically derived 
bituminite. Kauffman (1981) suggested an algal— fungal mat that grew a 
few centimetres above seabottom as a source of organic matter in 
Posidonienschiefer oil shales and Loh et al. (1986) agreed with this
interpretation. Cook (1982a), Hutton and Cook (1983), Sherwood and Cook 
(1983; 1986) considered a similar genesis for some bituminite in TF oil
shales. Ozimic and Saxby (1983) and Ozimic (1986) agreed with this
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model and Glikson (1982; 1983a, b) and Glikson and Taylor (1986)
favoured a cyanobacterial mat as a precursor for the bituminite.
Holocene algal and bacterial mats are documented from a wide variety of 
environments and they most commonly live in severe conditions. These 
conditions are largely caused by anomalous temperatures, hydrologic 
regimes, salinities or water activities and predation is therefore 
decreased (Bauld, 1981). Because of their efficiency in procuring 
carbon dioxide, cyanophytes commonly dominate in highly productive 
environments where much competition exists; they generally prefer an 
environment where oxygen is limited (Tappan, 1980). Photosynthetic 
varieties are restricted to euphotic zones; some of these types can 
survive in anoxic environments by utilising hydrogen sulphide rather 
than water as an electron donor. Nonphotosynthetic, sulphur-oxidising, 
bacterial mats may be characteristic of dysaerobic conditions near 
anoxic— oxic boundaries (Williams and Reimers, 1983) and some types of 
bacteria-like mats are present in marine basins at water depths down to 
400-600 m (Soutar and Crill, 1977; Thompson et al. , 1985). Large
quantities of organic matter preserved in Black Sea sediments at water 
depths of less than 100 m originate from phytobenthos (Tissot and Welte, 
1978). Benthonic algal/bacterial mats are mostly dominated by a single 
species but other algae and bacteria may be associated. The mats 
commonly trap minerals and act as a binder thereby forming laminated 
sediments. Bioinduced micritic carbonate may be intimately associated 
with the organic matter.
Due to their impermeability, some mats cause modifications to the 
physicochemical characteristics of underlying sediments. Because of the 
restriction in water transfer, hydrogen sulphide can be trapped and 
anoxic conditions may be promoted in a normally aerobic environment. 
These altered conditions enhance organic matter preservation in the 
underlying sediments. From experiments on sediments under controlled 
conditions in a tank, Bubela (1980) found that a mat thrived at salinity 
levels of about 4-5% and it formed a boundary between Eh values of +200 
millivolts and -340 millivolts. Black sediments resulted and some 
associated bacteria bloomed at higher salinities.
Photosynthetic and nonphotosynthetic benthonic mats similar to those of 
the Holocene are possible precursors for bituminite in TF oil shales.
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This origin is consistent with numerous features of the oil shales: the 
massive form of bituminite, an oxic— anoxic boundary probably proximal 
to the sediment water interface, algal preservation due to decreased 
grazing, laminae according to organic matter abundance and the intimate 
association of bituminite with dinocysts, acritarch cysts and clay-sized 
minerals. Variable influxes of minerals and intermittent mat extinction 
may have contributed to the formation of laminae. Creaney (1980) 
favoured variable mineral input as the main control on bituminite 
abundance in the Boundary Creek Formation of Canada. According to 
Ozimic and Saxby (1983), laminae in TF oil shales could have been caused 
by mat destructions due to colonisations of shelly scavengers on the 
surface; Ozimic (1986) suggested that mat destruction may result from 
environmental stresses such as changes in salinity, temperature and 
light. According to the present work, many of the major laminae are 
representative of variable productivities, which depended on the 
physicochemical conditions. These variations would also have affected 
the mineral input.
Most of the identifiable forms of organic matter and faunal remains of 
inorganic composition in TF oil shales are derived from planktonic 
sources. Although bituminite has markedly different forms and optical 
properties from the planktonically derived organic matter, planktonic 
sources are a possibility. The differences may be caused by a precursor 
material different from other forms identified to date. Examples of 
such progenitors are red, brown and blue-green algae. Boreham and 
Powell (1987) favoured planktonic algae as the major contributors to 
organic matter in TF oil shales. They based this proposal mainly upon 
the uniformity of organic matter over a large area, the abundance of 
coccolithophorid remains and the absence of biomarkers specific to 
cyanobacteria. Planktonic algal mats proliferate in the Holocene 
Sargasso Sea and Johnson (1982) proposed a source similar to this for 
organic matter in the Ohio Shale, which is petrologically similar to TF 
oil shales. A planktonic source for bituminite is favoured by most 
advocates of a sapropelic model of deposition.
Some bituminite may originate from the cellulose walls of 
dinoflagellates and acritarchs although this is unlikely for the massive 
varieties. Cyst-forming species constitute a small percentage of extant
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dinoflagellate flora and as mentioned above, dinoflagellates and 
acritarchs apparently thrived in the Toolebuc Sea during oil shale 
deposition.
7.4c iii telalginite and other maceráis
Tasmanitids and other prasinophytes commonly exist in brackish facies 
and nearshore environments of epicontinental seas. They probably 
favoured low temperatures and water that had reduced salinity levels 
(Prauss and Riegel, 1989). Prasinophytes are capable of surviving 
widespread extinctions of other organisms and have therefore been termed 
a "disaster species" by Tappan (1980). Little or no documentation 
however exists for an association of anoxic environments and 
prasinophyte occurrences in the Holocene (Prauss and Riegel, 1989). The 
suggestion that tasmanitids are mostly deposited in euxinic basins (e.g. 
Williams, 1978) could be largely based on presumptions of restricted 
basin environments. Some Silurian and Devonian rocks of North Africa 
contain Tasmanites and were deposited in a transgressive sea that had a 
low, swampy coastline (Tappan, 1980).
The presence of tasmanitid cysts in TF oil shales possibly indicates an 
environment adverse to other organisms. Facies rich in prasinophytes 
probably exist in the TF and may represent nearshore conditions and 
reduced salinities.
The presence of allochthonous, higher-plant maceráis and possible rolled 
organic matter indicates at least some current activity in the Toolebuc 
Sea.
7.4d Genesis of the Uranium and Associated Gamma-ray Anomaly
Numerous oil shales deposited in marine settings are characterised by 
positive gamma-ray anomalies (Table 30). In most or possibly all of 
these deposits, the anomaly is caused by uranium (U) contents; many of 
these rocks are 'uraniferous' (i.e. more than 0.002% by weight U; cf. 
the 0.0008% average for black shales; Swanson, 1960b).
The Alum Shale in Sweden, which has U concentrations up to 0.1% and 
average contents from 0.02-0.03% (Swanson, 1960b; Neto, 1983) has some
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of the highest U contents documented for marine deposited oil shales. 
The Chattanooga Shale of the USA has U contents between 0.006% and 
0.007% (Breger and Brown, 1962; Conant and Swanson, 1961) and is a 
potential low-grade source of U (Glover, 1959). Other Devonian, marine 
oil shales of eastern USA are potential U ores and some have up to 
0.033% U (Matthews and Feldkirchner, 1983). From studies on various
bitosites from Kansas, USA, Schlinsog and Angino (1983) found that six 
of the deposits are uraniferous and have average U contents from 
0.005-0.006%.
Uraniferous TF oil shales studied by Ramsden et al. (1982) have gamma 
equivalent, U contents of 0.0020-0.0074%. They found that the U 
contents are related to skeletal fish debris and organic matter. In 
some of the sample suites that they studied (e.g. oil shales from Julia 
Creek), the U and total organic carbon (TOC) contents have a near linear 
relationship. The association with fish remains is predominant above 
the oil shale units and probably complicates TOC— U relationships in 
some oil shales. Ramsden et al. (1982) suggested that the U is 
increasingly incorporated into the organic matter with decreases in the 
amounts of fish material. Patterson et al ♦ (1986) disagreed and 
suggested that no evidence for an association of U and organic matter 
exists but Scheibnerova (1986) stated that the gamma ray anomaly is 
caused by uranium and actinium absorbed into organic matter.
Other workers have also found positive correlations between organic 
matter and U abundances in marine, organic matter-rich shales: Swanson 
(1960b), Conant and Swanson (1961), Rouzaud et al., (1980), Creaney 
(1980), Schmoker (1981), Bonnamy et al. (1982), Brynard et al. (1982), 
Robbins (1983), Schlinsog and Angino (1983), Macauley et al. (1985) and 
Mann et al. (1986). Breger and Brown (1962) plotted a linear trend 
between U and contents of undifferentiated organic matter in Chattanooga 
Shales and concluded that the incorporation of U does not depend on 
organic matter type. This conclusion is possibly not valid because the 
samples they studied probably had similar maceral compositions; minor 
variations in maceral composition could account for the scatter of the 
plot.
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The U in marine oil shales is considered by many workers as syngenetic 
and sourced from seawater (e.g. Swanson, 1960b; Conant and Swanson, 
1961; Breger and Brown, 1962; Creaney, 1980; Ramsden et al. , 1982; 
Ozimic and Saxby, 1983; Robbins, 1983). They have concluded this 
because of the widespread distribution of U within individual oil shale 
deposits, the number of different occurrences of U in marine oil shales 
and modern deposition of uraniferous, organic matter-rich shales 
deposited in marine settings. Minor amounts of U were probably enriched 
however during early diagenesis.
-7The average U concentration of modern oceans is about 3 x 10 % 
(Swanson, 1960b) but the concentration is probably higher in most 
epeiric seas because of an increased concentration of land-derived 
elements. Weathering of adjacent land masses, especially uraniferous 
rocks and igneous rocks, would have introduced dissolved U into the 
Toolebuc Sea. High U contents in the waters may have been a 
contributing factor to the gamma-ray anomaly. The significance of this 
factor is however minor as compared with the mechanisms required to 
precipitate and concentrate the U to yield uraniferous sediments. These 
mechanisms are the major constraints on U distribution in marine oil 
shales.
The common association of organic matter with U indicates that the 
presence of organic matter is a key factor in U precipitation. The 
ability of particulate organic matter and associated soluble organic 
substances to absorb U from solution has been known for many years. 
Swanson (1960b) performed laboratory experiments where U in solution was 
fixed by peat, coal, carbonaceous shales and dead microorganisms. 
Disnar and Trichet (1984) found that the organic matter of algal mats 
may complex with metal ions.
The mechanism of absorption and precipitation of U by organic matter and 
the relationship of the mechanism to organic matter type is however 
poorly understood. Swanson (1960a, b) stated that humic matter and 
humic acids derived partly from algae and mostly from higher-plants are 
responsible for most U precipitation in 'black shales'. Swanson (1960b) 
stated that ion exchange and formation of organo-metallic complexes are 
mechanisms for U assimilation and found that coalified driftwood in 
Chattanooga Shales is highly uraniferous. Robbins (1983) stated that U
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commonly forms U— humate complexes from esters and salts of humic acids. 
Ramsden et al. (1982; after Swanson, 1960a) also emphasised the 
importance of humic acids in U precipitation and noted that 'sapropelic' 
organic matter, alginite in particular, does not produce substances 
essential for U fixation because of their resistance to decay.
As shown above, absorption of U by humic acids and humic matter are well 
documented mechanisms for U enrichment in organic matter-rich shales. 
Bituminite has many humic characteristics and possibly originates 
largely from humic acids. Traces of residual humic acids in TF oil 
shales have been identified in the present study, by Glikson (1982; 
1983a) and by Glikson and Taylor (1986).
The U in uraniferous bitosite deposits probably is mostly associated 
with bituminite. The bitosite deposits analysed in the present study 
and characterised by gamma-ray anomalies have highly variable 
lamalginite contents; bituminite is however ubiquitous. 
Bituminite-rich, alginite-poor marine oil shales from Kansas commonly 
contain at least 0.007% U. Although Ramsden et al♦ (1982) favoured an 
association between U and humic matter, they found a positive 
correlation between lamalginite and U abundances. They suggested that 
bituminite abundance appeared to be "relatively constant and unrelated 
to the U trend". The present work indicates that bituminite abundance 
may be highly variable and that it is commonly intimately associated 
with lamalginite. The U contents are therefore probably related to the 
amount of bituminite as well as to the amount of lamalginite.
Ozimic and Saxby (1983) found that U concentration in TF oil shales does 
not have a simple relationship with grade. This lack of correlation 
could be due to the effects of disseminated, U-rich, fish remains and to 
variations in maceral composition.
Breger and Brown (1962) showed that 'sapropelic' (possibly including 
bituminite) and humic matter are capable of fixing uranyl ions which may 
be reduced to uraninite. They suggested that their evidence indicates 
that uraninite in the Chattanooga Shale exists as a separate entity from 
organic and other inorganic constituents. Evidence from the present 
study indicates that U in bitosites may be present as discrete,
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highly— reflecting minerals with associated radiation haloes or as 
thucholites. These identifiable forms are however very rare in all 
bitosites studied and especially in those of the TF. Uranium in marine 
oil shales may have been assimilated by humic acids and deposited as 
very finely disseminated uraninite within bituminite or as 
organo-metallic complexes. Formation of organo-metallic complexes may 
promote preservation of organic matter (Hue, 1980; Tappan, 1980; 
Powell, 1986). Chou et al. (1988) suggested that nickel and vanadyl 
metalloporphyrins stabilised the organic compounds of the Anna and 
Energy shales of the USA; the metalloporphyrins are only present in 
organic matter-rich samples. Various organo-metallic complexes, 
including vanadium complexes, have been identified in TF oil shales by 
Riley and Saxby (1982), Riley (1983), Ekstrom et al. (1983), Glikson et 
al ♦ (1985) and Riley and Saxby (1986), although those that involve U 
have not been documented.
Effects of radioactivity may account for some of the variable optical 
properties of bituminite. Some bituminite precursors may have been more 
typical of alginite than indicated by the properties of bituminite. A 
transformation of lamalginite to bituminite-like matter has occurred 
proximal to a radioactive mineral grain in a sample of the Chattanooga 
Shale analysed in the present study (maceral analyses in Appendix 3).
The genesis and distribution of U in marine oil shales also depend on 
physicochemical constraints, in particular Eh conditions and the 
presence of hydrogen sulphide. Uranium is dissolved as uranyl ions in 
'normal' seawater, which is slightly alkaline (pH=8) and oxidising 
(Eh=0.1; Swanson, 1960b). In anoxic conditions, this hexavalent form 
may be reduced to a tetravalent form; in the presence of hydrogen 
sulphide, uraninite may precipitate (Ramsden et al. . 1982). The 
importance of anaerobic conditions for uraninite deposition has been 
emphasised by Swanson (1960b), Creaney (1980), Ozimic and Saxby (1983), 
and Robbins (1983).
With the addition of iron sulphides or hydrogen sulphide, uraninite or 
amorphous pitchblende will precipitate from uranyl solutions at similar 
pH values, temperatures and pressures as those of the modern oceans.
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The optimum pH for adsorption of U by humic acids and other organic 
matter is about 5-7 (Swanson, 1950b).
The highest U contents of the Woodford Shale in Texas are present 
towards the basin centre and may be due to a slow sedimentation rate 
(Olson, R. pers. comm., 1990). Where the sediments are in contact with 
the seawater for a long duration, concentration of the U is enabled.
From studies on rift lakes, Robbins (1983) suggested that U— humate 
complexes require aerobic— anaerobic interfaces to form and that uranium 
oxides precipitate at these boundaries. Uranium associated with organic 
matter therefore probably accumulates where redox boundaries lie at or 
near the seafloor; at this position the boundaries are in contact with 
organic matter and the seawater source of U. The duration of residence 
and position of the boundary are probably important controls on the 
distribution of U in bitosite deposits.
The distribution of U in the Chattanooga Shale is different from that in 
TF oil shales and can be explained according to the position of the 
redox interface. Breger and Brown (1962) found that the highest U 
values in the Chattanooga Shale are near paleoshorelines and they 
suggested that this is due to proximity to the U source; Ozimic and 
Saxby (1983) found that the gamma-ray anomaly of the TF is strongest 
near the basin centre and attributed this occurrence to anaerobic 
conditions. For the deposition of uraniferous sediments of the TF, the 
redox boundary may have been proximal to the seabottom near the centre 
of the basin and for the Chattanooga sediments it may have been proximal 
to the seafloor near the basin margins.
Uranyl cations may be fixed by free radicals to form organo-metallic 
complexes during early stages of maturation (Rouzaud et al., 1980).
During continued maturation, minute uraninite crystals may precipitate
by abstracting electrons from organic matter (Rouzaud et_a 1.., 1980;
Bonnamy et al., 1982).
In the model presented in the current study, U was introduced into the 
Toolebuc Sea in the uranyl form, mainly from rivers, streams and 
run-off, and was largely absorbed by the humic acids of bituminite
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precursors. Finely disseminated uraninite and organo-metallic complexes 
were formed near aerobic— anaerobic interfaces which were largely 
controlled by organic matter productivity. The generation of hydrogen 
sulphide during early diagenesis by sulphate-reducing bacteria aided in 
U precipitation at the sediment surface. Precipitation of U within the 
sediments was probably minor because pore waters would not have been 
renewed sufficiently to obtain the U concentrations present. For the U 
to be concentrated by a factor of thousands from weak solutions, the 
water above the seafloor must have been replenished and therefore some 
current activity probably existed. The duration that the sediments were 
in contact with the seawater is probably a contributing factor for the 
amount of U present in the sediments.
7.4e Synopsis and Modern Analogues
7.4e i syndeposition
The Eromanga and Carpentaria Basins formed from an intracratonic 
downwarping in response to drifting of the Australia— Antarctica plate 
after separation from the rest of Gondwanaland (Smart et al. . 1980).
Some subsidence of these basins before and possibly during the incursion 
of the Toolebuc Sea is indicated by isopach maps (Ozimic and Saxby, 
1983) .
The Toolebuc depositional basin formed about 100 million years ago 
(Ozimic and Saxby, 1983). Several depocentres such as the Cooper Basin 
and Adavale Basin were created by the topography of basement rocks. The 
climate and temperatures of ocean waters during the Cretaceous were 
warmer and less susceptible to seasonal fluctuations than those of the 
Holocene; ocean temperatures were probably at a maximum during the 
Aptian to Albian (Arthur and Schlanger, 1979). These warm climates and 
water temperatures contributed to an increase in organic productivity 
which is an important control on deposition of organic matter—rich 
shales.
Many workers have found that bitosites were deposited within
transgressive sequences (e.g. Tissot, 1979; Creaney, 1980;
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Kauffman, 1981; Matthews and Feldkirchner, 1983; Pratt, 1984). The 
same conclusion has been made for TF oil shales by Day (1969), 
Scheibnerova and Byrnes (1977), Ozimic (1982a), McMinn and Burger 
(1983; 1986), Ozimic and Saxby (1983), Ramsden (1983) and Burger 
(1986). The variation in bituminite and lamalginite abundances in the 
section studied (Table 28) are not however consistent with a continually 
deepening sea. The Toolebuc sea levels probably underwent major 
fluctuations during deposition of the oil shales and some bitosites were 
probably deposited during minor regressions.
The Australian plate was generally stable during the Early Cretaceous 
(Morgan, 1980; Exon and Burger, 1981; Burger, 1986) and therefore the 
changes in sea level that affected deposition of the TF were mainly 
eustatic. Changes in continental hypsometry such as those associated 
with isostatic downwarping due to the weight of the water during 
transgressions (Cooper, 1977; Bond, 1978) probably also affected the 
water levels of the Toolebuc Sea. The most favoured cause for eustatic 
sea level changes in the Cretaceous is variation in the volume of 
mid-oceanic ridges (Hays and Pitman, 1973; Cooper, 1977; Morgan, 
1980) .
Two major eustatic rises in sea level probably occurred in the Albian 
(Cooper, 1977; Morgan, 1980). The first and probably larger of the two 
took place in the late, early Albian, during deposition of part of the 
Wallumbilla Formation. This was probably followed by a regression, 
during deposition of most of the Coreena Member which is the uppermost 
member of the Wallumbilla Formation (Exon and Senior, 1976; Cooper, 
1977; Morgan, 1980; Ozimic and Saxby, 1983). The TF was deposited 
during a lesser, second transgression which possibly continued during 
sedimentation of the Allaru Mudstone. The next major regression 
occurred in the late Albian, during deposition of the Mackunda 
Formation.
Constraints related to the transgressions were possibly major factors 
that controlled deposition of the TF oil shales. Transgression may 
cause equable, warm climates and may promote rainfall (Cooper, 1977); 
this type of climate probably causes increases in productivity.
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Paleotemperature data from belemnites indicate that the sea was warmer 
during TF sedimentation than during deposition of overlying and 
underlying formations (Smart et al. . 1980). Day (1969) proposed that 
the ambient temperature was also warmer. During the sea incursion, the 
erosional base level was raised thereby reducing terrigenous, clastic 
sedimentation and promoting pelagic sedimentation. Cooper (1977) 
suggested that during transgressions, phytoplankton growth is enhanced, 
concentrations of atmospheric oxygen are possibly raised, carbon dioxide 
concentrations in seas are lowered, alkalinity is promoted and carbonate 
stability is increased. Although productivity is dependent upon a 
number of interrelated variables, nutrient availability is a controlling 
factor; epeiric seas are characterised by abundant trophic resources 
and therefore have high productivities. Regressions may lead to 
extinction of existing biota and during transgressions, new biota may 
fill the unoccupied niches (Morgan, 1980).
Minor transgressive— regressive cycles probably occurred during TF 
sedimentation and water depth may have been a critical factor for 
deposition of the oil shales. Based on the dinoflagellate assemblages, 
McMinn and Burger (1986) interpreted two transgressions during 
deposition of the TF; other, minor transgressions however may have also 
occurred. Organic matter-poor, transgressive sequences above and below 
TF oil shales, indicate that other factors also must have been relevant 
to deposition of the organic matter-rich sediments.
For deposition of TF oil shales, Ramsden (1983) proposed water depths 
"above and below the 200 m level" but depths of this magnitude were not 
necessary for the sedimentation. If the water depth for oil shale 
deposition was about 80 to 100 m, minor changes in water level could 
have led to some of the bedding. At these shallower depths, a larger 
influx of planktonic organic matter is likely to survive settling to the 
sediments. At depths of about 100 m, the sedimentation would have been 
hemipelagic, the seabottom would have been below wave base and the 
amount of benthonic fauna would have been restricted due to water depth.
Some density stratification of the water column may have existed because 
of freshwater input. At times, the oxic anoxic interface was probably
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above the sediment surface but an extensive anaerobic water column was 
not necessary. The freshwater input would have caused the salinities to 
be less than those of the oceans.
Because the TF oil shales were deposited during a generally 
transgressive cycle, connection with the open ocean is inevitable and 
the waters would have circulated and mixed. Even in environments that 
have permanently stratified waters, sluggish circulation occurs in 
almost all cases (Hue, 1988). Although some evidence exists in support 
of basin restriction for deposition of TF oil shales and other organic 
matter-rich, marine rocks, a lack of circulation is not a prerequisite 
for oil shale sedimentation. As discussed above, most of the evidence 
for restriction has alternative explanations; the evidence in support 
for circulation of the Toolebuc Sea outweighs that for restriction.
Although some doubt exists on the significance of the Euroka Arch, it 
may have caused some decrease in the influence of oceanic circulation on 
the Toolebuc Sea. The presence of oil shale on both sides of the 
proposed position of the basement high however, suggests that any 
possible effects of this restriction were not critical for oil shale 
deposition.
Many of the generally accepted, diagnostic features of restricted 
conditions are lacking in TF oil shales. Although a limited diversity 
of faunal remains is present, reduced sizes and mutated forms have not 
been reported. Restricted environments are characterised by a lack of 
currents and a paucity of nutrients. Currents in the Toolebuc Sea 
associated with oil shale deposition are indicated by abraded and sorted 
shelly material, replenishment of a source of U and the preservation of 
organic matter and carbonate together. The model presented in the 
current study involves a high nutrient availability and a consequent 
high productivity.
TF oil shales were probably deposited in a nonrestricted (open) basin 
and some advection probably occurred. A gyttja-type model (i.e. 
oxygenated, nutrient—rich waters overlying anaerobic sediments; 
Figure 23) that involves anoxic— oxic boundaries proximal to the 
seafloor is more likely for the bitosite sedimentation than a restricted
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basin and associated sapropelic deposition (i.e. oxygen-depleted waters 
overlying anaerobic sediments; Figure 23). Most authors however prefer 
a sapropelic-type model for deposition of TF oil shales. Pacminex 
(1975), Boreham and Powell (1984) and Moore et al♦ (1985) suggested a 
sea that had restricted circulation. Ozimic (1982a) and Ozimic and 
Saxby (1983) suggested that the sea was poorly ventilated and was 
permanently stratified. They also suggested that oxygen was permanently 
or intermittently depleted in the lower part of the water column. 
Glikson and Taylor (1986) proposed a stagnant basin model and Ozimic 
(1986) suggested that the waters were stratified and had no bottom 
currents. Boreham and Powell (1987), as well as Glikson and Taylor 
(1986) and Ozimic (1986) however agreed with the model of Sherwood and 
Cook (1983, 1986) which involved redox boundaries proximal to the 
seabottom.
TF oil shales were deposited in a shallow epeiric sea between about 40° 
and 70° paleolatitude (Ozimic and Saxby, 1983; Ozimic, 1986). Large 
amounts of nutrients and light in warm waters led to algal blooms. 
Coccolithophores, dinoflagellates and acritarchs proliferated in the 
euphotic zone; the coccolithophores were precursors for most of the 
carbonate and the dinoflagellates and acritarchs were precursors for 
most of the lamalginite. The progenitor algal type of bituminite is 
uncertain but a benthonic mat is a possibility. Preservation of the 
organic matter is at least partly due to localised anaerobic conditions, 
but stagnation did not necessarily occur. The position of the redox 
boundary was probably proximal to the sediment surface and was largely 
controlled by productivity and amount of organic matter input. 
Freshwater inflow introduced nutrients to the sea and caused decreased 
salinities that would have restricted the growth of some flora and fauna 
but would have been amenable to the proliferation of coccolithophores, 
some dinoflagellates and acritarchs (e.g. Vervhachium and 
Micrhvstridium), prasinophytes and the precursors for bituminite. 
Variations in environmental stresses may have caused encystments and 
excystments of the dinoflagellates and acritarchs such that abundant 
cysts were preserved. Phosphates derived from the underlying 
Wallumbilla Formation may have been an important nutrient addition to
the sea.
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Termination of the deposition of TF oil shales was attributed by Ozimic 
(1982a, 1986) and Ozimic and Saxby (1983) to an increase of saltwater 
inflow. Ramsden (1983) and Patterson et al. (1986) proposed that the 
main phases of oil shale deposition terminated because of regression and 
increased current activity. Because of decreased nutrient supplies, the 
lower water levels probably would have caused a decrease in 
productivity.
Sea level may be a critical factor for oil shale deposition; excessive 
water depths could be detrimental. Cretaceous sequences have high 
potentials for bitosite exploration because of the deposition of 
numerous marine transgressive sequences and the favourable 
paleoclimates. Two eustatic rises in sea level probably occurred in the 
Albian both of which could have led to oil shale deposition in epeiric 
seas. Other ages of the Cretaceous that were characterised by high 
eustatic sea levels and could therefore be targeted are the early 
Berriasian, early Hauterwian, late Barremian, early Aptian, late Aptian, 
early and middle Cenomanian, middle and late Turonian, early Coniacian, 
late Santonian, middle and late Campanian and middle Maastrichtian 
(after Cooper, 1977; Bally, 1987). Other periods characterised by 
raised, relative sea levels and therefore, which could have produced oil 
shales in epeiric seas are the late Cambrian to early Ordovician (e.g. 
possibly the Camooweal oil shale of Queensland), middle Silurian, late 
Devonian (e.g. Chattanooga and associated marine oil shales of the USA), 
late Carboniferous to early Permian and the late Jurassic (e.g. 
Kimmeridge Shale of the UK) . Due to the numerous factors that affect 
productivity and due to the variable tectonic movements of the 
continents that control sea incursions, the potential for numerous other 
bitosite deposits of other geological ages are not precluded.
The current study indicates that central basin facies of ancient, 
shallow, epeiric seas have good potentials for oil shale deposition. 
The depositional model presented for the TF oil shales can be used as an 
aid in exploration for other bitosite deposits. According to the model, 
transgressive sequences of Cretaceous, epicontinental marine basins are 
potential targets. Further studies on ancient eustatic sea levels and
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on the water depths that favoured bitosite deposition could yield 
further insights into exploration parameters.
7.4e 11 modern analogues
No modern analogues exist for depostion of TF oil shales probably 
because of the low sea levels and widespread regression during the 
Cenozoic. Some Holocene settings however have some characteristics of 
the proposed model for deposition of TF oil shales.
Most workers have suggested that restricted, anoxic basins such as the 
Black Sea and Baltic Sea are analogues for marine, organic matter-rich 
sedimentation (e.g. Exon and Senior, 1976; Hallam, 1977; Arthur, 1979; 
Demaison and Moore, 1980). Some aspects of these models may relate to 
TF deposition but as mentioned above, an extensive anaerobic water 
column is not a prerequisite for the deposition of organic matter-rich 
shales. The Black Sea is commonly cited as a Holocene paradigm of an 
anoxic basin and yet Recent sediments contain a maximum of 5% by weight 
organic carbon; organic matter-rich sediments were deposited in the
Black Sea 1000 to 5000 years ago when it was joined with the 
Mediterranean Sea (Calvert, 1987). Of these two analogues, the Baltic 
Sea is more relevant to the ancient TF environment. The Baltic seafloor 
has oxygen levels of about 20 to 25% of 'normal' levels and the 
sediments contain about 8 to 10% by volume of organic matter and 
0.00048% U (Swanson, 1960b). The shallowness and morphology of the 
ocean connection causes major changes in. the depositional environment 
with minor sea level changes (Exon and Senior, 1976). The sea body has 
a permanent halocline and a positive water balance caused by an inflow 
of deep saline water and an excessive outflow of brackish surface water 
(Demaison and Moore, 1980). When inflow is limited, carbonate dissolves 
and when inflow increases, the carbonate is stable (Exon and Senior, 
1976).
Some silled marine basins are classified as oxic (e.g. Red Sea and 
Mediterranean Sea) and their sediments are organic matter—poor (Demaison 
and Moore, 1980). These could possibly be modern analogues for the 
Toolebuc Sea if their productivity was greater. These seas are 
characterised by a large inflow of seawater relative to outflow;
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the negative balance is maintained by excessive evaporation. They 
differ from the Baltic Sea because oxygenated surface water flows in and 
saline bottom water flows out for these oxic silled basins (Demaison and 
Moore, 1980).
Some fjords in Norway have similarities to the TF paleoenvironment. 
Recent sediments in the fjords contain up to 40% by volume organic 
matter and 0.0013 to 0.0060% U. The Eh values of the bottom waters are 
low, ranging from about -0.1 to -0.4 volts, but at depths less that 
about 10 m from the sea bed, the water is oxidising (Swanson, 1960b).
The North Sea has some similarities to the Toolebuc Sea because of its 
coccolith blooms. The Santa Barbara Basin of the USA may be similar 
because it has benthonic algal mats. These mats aid in the formation of 
an oxic— anoxic boundary even in the presence of current activity; 
sedimentation occurs through the mats (Kauffman, 1981).
The precursors for bituminite may have some similarities to algal mats 
of the Persian Gulf, Spencer Gulf in South Australia and Shark Bay in 
Western Australia but these water bodies are only a few metres deep. 
The sea grass Posidoni sinuosa, however is present at depths down to 
10 m in the Spencer Gulf (Belperio et al♦ , 1988). Although no known 
modern analogues exist for the TF depositional environment, a 
combination of some traits of these Holocene examples is applicable.
7.4e iii postdeposition
Postdepositional processes may be divided into a biochemical stage 
(diagenesis) and a geochemical stage (maturation). Curtis (1980) 
divided diagenesis into zones according to the dominant set of 
reactions: oxidation, sulphate reduction and fermentation. Each of 
these zones may have relevance to TF oil shales. The importance of each 
of these zones on characteristics of sediments is mainly determined by 
burial rate (Irwin et al., 1977).
In aerobic waters, the oxidation zone generally is only millimetres to 
centimetres thick. Because of this limited extent, a high sedimentation 
rate can severely limit the amount of aerobic decay. Aerobic bacterial
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decay occurs very slowly in oxic environments and is almost negligible 
in environments that have subnormal oxygen levels (Kauffman, 1981). 
Some aerobic degradation may have affected the precursors of bituminite 
in TF oil shales. The extent of this alteration is not as severe 
however as that suggested by Loh et al. (1986) who proposed that 
bituminite in the Posidonienschiefer originates from lamalginite 
precursors that were altered in this zone. If the oxidation zone is not 
present, the organic matter is in a 'succulent' state for the sulphate 
reduction zone and anaerobic bacterial activity is therefore promoted 
(Curtis, 1980).
The sulphate reduction zone is commonly one to a few tens of metres 
thick and is controlled by the limitation in downward diffusion of 
oxygen; the oxygen content is depleted by the activity of aerobic 
microbes. The position of the lower boundary of this zone depends upon 
the extent of downward diffusion of sulphate (Irwin et al♦ , 1977). The 
major products of the sulphate reduction zone are bicarbonate, hydrogen 
and hydrogen sulphide. The associated increase in acidity causes 
carbonate to dissolve and if ferric ions are present, sulphide is 
reduced and pyrite is formed. Most pyrite in TF oil shales probably 
originated from this process.
The fermentation zone is present at depths greater than 10 m and signals 
the exhaustion of sulphate. Microbial degradation continues in this 
zone and hydrogen, methane and bicarbonate are produced. The effects of 
these three zones on the geochemistry of organic matter is discussed 
further in Chapter 8.
Other diagenetic processes that probably affected TF oil shales include 
humification, gelification, dewatering, grain reorientation, 
precipitation of the cryptocrystalline quartz cement and possibly 
radioactivity.
Maturation of the TF has probably generated some oil but migration from 
the formation may not have been efficient. Potential reservoir rocks 
are not present proximal to the TF horizon and structures suitable for
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trapping are poorly developed in the upper part of the Cretaceous 
sections. The oil shale facies however represents a source rock that is 
rich enough such that these unfavourable factors are largely 
compensated.
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PART III ORGANIC GEOCHEMISTRY, CLASSIFICATION AND CONCLUSIONS
CHAPTER 8 ORGANIC GEOCHEMISTRY -- ELEMENTAL ANALYSES. PYROLYSIS
ANALYSES AND THEIR STATISTICAL EVALUATION
8.1 Introduce ion
The amount and geochemistry of organic matter in oil shales are 
controlled by the interplay of characteristics of the precursor plant 
and plant part, environment of deposition, diagenesis and maturation. 
The geochemical properties therefore yield information relevant to 
organic sources and postdepositional effects as well as to the 
potential to produce oil and the types of oil produced.
Statistical analyses of the geochemical and petrological data enable 
quantification of relationships between sampled items (Q-mode analyses) 
and between variates (R-mode analyses). These analyses lead to 
parsimonious representations of the data and categorisation of the 
rocks. Relationships of the categories to exploration and exploitation 
parameters may also be analysed with statistical methods.
Numerous sources of variation exist for the variables because of the 
many controls that affect the composition of organic matter during its 
evolution from living plant to macerals. While life processes proceed, 
the main components of plants exist as biopolymers and are in high 
energy states. The polymers are formed by biosynthesis, which involves 
linkage of monomers with elimination of water. Upon the death of 
organisms, most polysaccharides and proteins and some lipids become 
unstable and are depolymerised to monomers mainly by microbial 
processes during early diagenesis. The amount of organic matter 
preserved in rocks largely depends on its resistance to decay and the 
abundance of organisms that degrade the material. During late 
diagenesis and early maturation, the monomers recombine to form stable 
geopolymers.
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8.1a Chemistry of Living Plants
8.1a i saccharides and their derivatives
Saccharides and their derivatives are abundant in plants and are 
present as sugars (monosaccharides and disaccharides), polysaccharides 
(carbohydrates such as cellulose, hemicellulose, starch, pectin and 
chitin) and phenolic polysaccharides (lignins and tannins). Sugars and 
starchs are food sources for plants whereas chitin forms cellular 
membranes in some fungi and spores. The other saccharides mainly give 
structural support. Cellulose forms the framework of some water-plants 
and all land-plants except for some fungi. Lignin binds the cellulose, 
most notably in woody plants, and provides strength, rigidity and 
conduits for nutrient solutions. Tannins are present mainly in leaves, 
seed coatings, bark and in algae; some tannins probably aid in 
lignification of cell walls (Hunt, 1979).
Lignin is enriched in carbon and oxygen and depleted in hydrogen 
(Table 32; Figures 24 and 25). Cellulose and other carbohydrates 
generally have more oxygen and hydrogen than lignin has.
8.1a ii proteins
Proteins are the main nitrogenous compounds in plants. They are 
normally present in only small amounts in terrestrial flora but are a 
major component of aquatic organic matter. Amino acids generally form 
the basic structural entity of proteins and are the main biodegradation 
products of these high molecular weight polymers. Most proteins are 
related to aliphatic compounds but some have aromatic or heterocyclic 
affinities.
Proteins are generally rich in nitrogen and poor in oxygen (Table 32). 
They generally have C— H— 0 compositions intermediate to those of 
lipids and carbohydrates (Figures 24 and 25).
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8.1a iii lipids
Lipids normally are strictly defined as organic substances insoluble in 
water and soluble in organic solvents such as benzene, chloroform, 
carbon tetrachloride, ether and acetone (e.g. Bergmann, 1963, cited in 
Tissot and Welte, 1984; Tootill, 1981). In the present study, the 
meaning of the term is extended to include material that has the 
general chemical characteristics of lipids (i.e. rich in hydrogen and 
poor in heteroelements) but is not necessarily extractable by 'fat' 
solvents. The classically defined lipid group includes waxes, fats and 
natural oils; the extension additionally includes insoluble 
'lipid-like' material such as polyterpenes and other complex, 
cross-linked polymers, most of which have unknown structures.
Waxes are intricate mixtures of esters that form from long chain acids 
and long chain alcohols. Waxes are commonly aliphatic and are used by 
plants as protective coatings against desiccation, mechanical damage 
and attack by other organisms. They contain an average of 33% C, 66% H 
and 1% 0 (all on an atomic basis; Bouska, 1981); they therefore have 
very high atomic H/C values and very low O/C values (Figure 24).
Fats are also esters but comprise mainly triglycerides of long chain 
carboxylic acids. They are solid at room temperature and are used 
mainly as a food source. Fats are largely present in seeds, spores and 
fruit but also in fungi, algae and bacteria. Fats comprise an average 
of 34% C, 62% H and 4% 0 (all on an atomic basis; Bouska, 1981). On a 
van Krevelen diagram they plot proximal to the average composition of 
lipids. Fats are slightly enriched in 0 relative to waxes (Figure 24).
Oils have the same basic chemical structure as fats but are liquid at 
room temperature. Many aquatic organisms use liquid lipids for food 
storage, insulation and buoyancy.
Resins are mostly terpenoids and terpenoic acids. Because they are 
generally unsaturated, they readily polymerise to form very resistant 
substances. Resins are normally excreted by plants for protection but 
some resins have a physiological function.
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Generic terms that relate to various plant tissues designate some lipid 
polymers. Sporopollenin originates from oxidative polymerisation of 
carotenoids and possibly of fatty acids; it mainly comprises 
polyterpene groups. Sporopollenin coats and protects spore and pollen 
grains. Suberin occurs in protective tissues within cells of bark and 
cork. Cutin surrounds plant cells, mainly in leaves but is also 
present on other exposed plant surfaces. Some cell walls of algae, 
such as Botryococcus and Pediastrum. and the cysts of some 
dinoflagellates and acritarchs have affinities to these polymers. The 
Botryococcus polymer however has fewer hydroxyl and methyl groups than 
sporopollenin (Berkaloff et al., 1983) and is dominantly aliphatic 
rather than naphthenic. The chemical structures of these lipid 
polymers are complex and probably are mostly composed of cross-linked 
fatty acids and alcohols. Suberin, sporopollenin and cutin, similar to 
many other lipids, may have additional components within their 
structure. Lipoproteins and lipopolysaccharides are examples of these 
mixtures.
Although the lipids form a complex group of substances, which have 
variable compositions, they contain an average of about 33% C, 63% H 
and 4% O (all on an atomic basis; Table 32). Because of their large H 
content, they have a high potential to generate oil upon 
decarboxylation and hydrolysis; they are therefore important 
precursors to organic matter in oil shales.
8.1a iv chemistry of various plant types and plant parts and its 
relation to depositional environment
As indicated above, some general differences exist between aquatic and 
land-plants. Terrestrial flora comprise mainly cellulose (30-50% by 
weight), lesser amounts of lignin (15-25%) and minor amounts of lipids 
(Tissot and Welte, 1984) . The lipids are concentrated in specific 
plant tissues and mainly comprise resins, other terpenoid-related 
substances, waxes and fats. Some seeds and fruit however contain up to 
50% by weight fat; pollen normally has 2-8% and some pigments have up 
to 1% fat (Tissot and Welte, 1984).
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The dominance of lignins and carbohydrates in terrestrial plants causes 
a depletion in H and N and an enrichment in O, relative to the 
composition of aquatic plants. Because of the specialisation of 
various organs and tissues however, the chemistry varies considerably 
within any plant. Woody tissues are dominated by saccharides and 
lignin; H contents are therefore low and O contents are high 
(Figure 24). Because bark contains mostly suberin and lignin, H 
contents are increased at the expense of O. Spore exines, pollen 
exines and cuticles contain dominant lipids and consequently are H 
rich.
Aquatic plants generally do not require supporting tissues and 
therefore lignin is not normally present; lipids, proteins and 
carbohydrates are generally more abundant in aquatic plants than in 
land-plants. The lipids are important for maintaining water balance.
Marine phytoplankton mainly comprise proteins and carbohydrates with 
variable amounts of lipids. The walls of most eucaryotes are mainly 
composed of cellulose. The cell walls of Chlorophyta for example 
normally have an inner cellulosic layer and an outer, pectic 
polysaccharide layer. Some chlorophytes store lipids as fat for a food 
source. Motile dinoflagellates generally contain about 40-50% by 
weight protein, 5-35% carbohydrate and 2-6% lipid (Krey, 1970, cited in 
Tissot and Welte, 1984).
Numerous types of algae, including some Phaeophyta and Rhodophyta, have 
cellulose as a major constituent. As mentioned in Chapter 7, some 
brown algae (Phaeophyta) contain up to 40% by weight algenic acid, 
which is a carbohydrate derivative. Some chlorophytes such as 
Botryococcus have cellulosic cell walls (Given, 1984). Lignin is 
possibly present in some rigid forms of algae such as kelp.
Large contents of lipids and proteins are however characteristic of 
most marine algae. Fatty acids, which are largely present in membranes 
and stored fats, are more common in phytoplankton than in 
higher-plants. Lipids of most phytoplankton contain about 3-5% by 
weight hydrocarbons. Botryococcus however is characterised by abundant 
hydrocarbons, which are stored in the outer wall. Colonies sampled by 
Brown et al. (1969) for example, contained up to 86% hydrocarbons by
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dry weight of the total biomass; most algae contain about 0.1%. About 
10% by dry weight of Botrvococcus braunii is a resistant lipid 
biopolymer, which is probably metabolically produced from the 
hydrocarbons (Berkaloff et al., 1983; Largeau et al. . 1984; Dubreuil 
et al., 1989). This compound is characterised by saturated bonds 
without heterosubstituents and comprises long, unbranched or weakly 
branched hydrocarbon chains linked by ether bridges (Berkaloff et al., 
1983).
The walls of blue-green algae (cyanophytes and cyanobacteria) are 
largely composed of carbohydrates, amino acids, fatty acids and murein, 
which is related to protein. Resistant biopolymers, which are partly 
analogous to those of Botrvococcus, are present in numerous types of 
cyanobacteria and may constitute up to 5% by weight of their biomass 
(Chalansonnet et al ♦ , 1988). These lipid polymers are structurally 
different from those of Botrvococcus and are present in the cell walls 
and surrounding filaments. The cell envelopes (walls plus filaments) 
of cyanobacteria also contain considerable amounts of resistant 
glycolipids, peptidoglycans and lipopolysaccharides (Chalansonnet et 
al., 1988). Cyanophytes generally contain about 4-9% by weight lipids 
(Wolk, 1973, cited in Glikson and Taylor, 1986), about 60% proteins 
(Robinson and Dinnean, 1967, cited in Saxby, 1976) and 30-35% 
carbohydrates.
Although the compositions of bacteria are highly variable, they are 
generally similar to those of blue-green algae; bacteria normally 
contain about 50% protein and at least 10% lipid.
Because of the abundance of lipids and proteins in aquatic plants, 
atomic H/C and N/C values are commonly higher than those of terrestrial 
plants (Figure 24). Aquatic plants are therefore important precursors 
to the organic matter in oil shales. Marine phytoplankton have atomic 
H/C values up to 1.7-1.9 (Tissot and Welte, 1984) but most blue-green 
algae and bacteria have values of about 1.5—1.6 (Figure 24).
The chemistry of living plants may vary with genera, species and 
physiological state. Resting stages of algae are commonly enriched in 
lipids. The resting stage of Botrvococcus braunii may contain up to
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86% by weight hydrocarbons whereas the active stage may only contain up 
to 17% (Brown et al. , 1969). The nonmotile cysts (phycomas) of some 
dinoflagellates, acritarchs and prasinophytes (e.g. tasmanitids) are 
formed for protection and are composed of resistant lipid polymers, 
which probably are partly similar to sporopollenin. The cell walls of 
some algae such as Pediastrum and Botrvococcus however are largely 
lipid rich and are resistant to decay, regardless of the physiological 
state.
The nature of habitats also affects the chemistry of living plants. 
For example, mosses that grow in cold climates have lower lignin 
contents than those in warm climates. Lipid contents of algae are 
generally greater for those living in cold water than those in warm 
water (Hue, 1980; Tissot and Welte, 1984).
The most important effects of depositional environments on the 
abundance and chemistry of preserved organic matter however, are those 
that control presedimentary alteration, synsedimentary alteration and 
early diagenesis.
8.1b Alteration and Diagenesis
In the present study, the term 'alteration' refers to physicochemical 
changes of organic matter that occur after death of organisms and 
before deposition; the term 'diagenesis' refers to changes after 
deposition and before maturation at elevated temperatures. 
'Diagenesis', as used in the current work, is at least partly referred 
to by numerous workers as humification and peatification. Diagenesis 
involves biochemical (metabolic) depolymerisation and chemical 
polymerisation. These processes yield organic matter that is insoluble 
in acids and bases. Maturation however is a geochemical 
(thermodynamic) process that mainly involves elevated temperatures and 
time. It yields carbon-enriched organic matter and other products such 
as water, carbon dioxide and methane. The boundary between these two 
regimes is indistinct and gradational but it is generally near a burial 
depth of 30 m and at an of about 0.25%. The boundary is 
characterised by a dominance of humin over soluble organic matter. In 
the present study, diagenesis is divided into two zones, each of which
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is characterised by one set of processes: depolymerisation or 
polymerisation. Transitional zones exist however and they involve both 
sets of reactions.
Diagenesis of organic matter involves biochemical, chemical and 
physical processes. The degree to which each of these alter the 
organic matter mostly depends on the type of progenitor organic matter, 
the amount and types of predatory organisms (especially 
microorganisms), physicochemical characteristics of the environment and 
duration of exposure.
8.1b i depolymerisation
Depolymerisation reactions are characteristic of the alteration in 
water columns and early diagenesis. The end result of depolymerisation 
generally is mainly due to microbial activity. In some environments, 
simple oxidation or ingestion by macroorganisms may considerably alter 
the organic matter but the effects are overprinted by those of 
microorganisms. If organic matter is completely decomposed the 
ultimate products are water, carbon dioxide, hydrogen, hydrogen 
sulphide, ammonia and methane. The products of incomplete and 
selective degradation are more relevant to organic petrology. These 
products may be repolymerised to form preserved organic matter 
(maceráis).
Carbohydrates are readily attacked by microorganisms and fungi with the 
aid of enzymes. Polysaccharides are hydrolysed to simple saccharides, 
some of which are utilised by microbes. The resistance of 
polysaccharides to enzymatic attack may be increased by adsorption by 
minerals, reaction with humic substances to form ester bonds and 
formation of chelate complexes and insoluble salts (Given, 1984).
Depolymerisation of lignin involves cleavage of stable ether ( 0 ) 
bonds. Lignin is therefore more resistant to decay than carbohydrates; 
where the two components are closely associated, lignin may retard 
carbohydrate degradation. Lignin is attacked only by some lignolytic 
fungi and a few microorganisms. The degradation yields mostly phenols, 
which are toxic to most bacteria. Extensively decomposed lignin may be
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hydrolysed to produce substances similar to those of carbohydrate 
degradation.
Proteins and other nitrogeneous compounds are decomposed largely by 
microorganisms that utilise the nitrogen. With the aid of enzymes, the 
microbes initially depolymerise proteins to amino acids and eventually 
into ammonia, amines and fatty acids.
Lipids generally are resistant to alteration because of the abundance 
of C— C bonds; the ester bonds however are weaker. In general, the 
less oxygen present and the larger the polymer, the more resistant it 
is to degradation. Where ester bonds are common, the lipids may 
decompose to fatty acids, alcohols, glycerol and various hydrocarbons. 
Most resins, some waxes and the complex, cross-linked, lipid polymers 
such as sporopollenin are especially resistant to microbial attack. 
This resistance is possibly the most important factor controlling the 
abundance and nature of organic matter in oil shales and other 
potential source rocks for petroleum. Characteristics of predatory 
microorganisms in sediments are important contributing factors.
Physicochemical conditions of the depositional environment and 
sediments are also of considerable importance to diagenetic changes in 
organic matter. They not only affect primary chemical reactions, such 
as oxidation and reduction, but they also affect the abundance of 
predatory organisms. The kinetics of chemical and biochemical 
reactions may be influenced by temperature, pressure, acidity, redox 
potential, enzymes, decomposition products and moisture content. 
Because of the combined effects of redox potential on the types of 
predatory organisms present and the types of reactions involved, it is 
the most important physicochemical constraint on depolymerisation 
reactions. The depolymerisation zone may be divided into aerobic and 
anaerobic sections.
In normally oxygenated environments, alteration processes in water 
columns and on sediment surfaces are generally dominated by oxidative 
depolymerisation. If decomposition is complete, aerobes metabolise the
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organic matter by using available oxygen as an electron acceptor 
(oxidant) to yield carbon dioxide, ammonia, sulphur dioxide, phosphates 
and water.
Anaerobic depolymerisation occurs below the aerobic zone. Anaerobes 
use oxygen firstly from nitrates, then from magnesium oxides, iron 
oxides and sulphates and finally from carbon dioxide and organic 
matter. The end products of anaerobic bacterial degradation are 
methane, ammonia, carbon dioxide, hydrogen, water, hydrogen sulphide 
and nitrogen.
8.1b ii polymerisation
The monomers and short chain polymers produced during depolymerisation 
and not used by microorganisms are labile and recombine to form 
'geopolymers'. Most of the degradation products originate from 
carbohydrates, proteins and lignin; they recombine mainly to form 
humic substances. Lipids are generally stable during the 
depolymerisation stage.
Repolymerisation largely occurs during late diagenesis, as defined in 
the current study. The chemical reactions involved in repolymerisation 
are complex and in some cases are indeterminate. They mainly involve 
polycondensation and depend upon progenitor material and 
physicochemical conditions in the sediment, especially redox potential, 
alkalinity and moisture content. In terrestrial environments, where 
lignin is abundant, the polymerisation largely involves oxidative 
condensation of polyphenols. The types of bonds involved include 
phenol-— phenol, phenol— N compounds, phenol fatty acids and N 
compounds— sugar. In aguatic environments, Maillard—type processes, 
which involve the reaction of amino groups with hydroxyl groups to form 
melanoidins, probably participate along with other condensation 
reactions; fatty acids, amino acids, carbohydrates and peptidic bonds 
are involved in these processes.
The resultant geopolymers are mostly humic substances and comprise 
polycondensed nuclei that support functional groups and carbon-rich 
chains. The nuclei of terrestrially-derived geopolymers are either 
aromatic, naphthenic, simple cyclic, condensed cyclic or heterocyclic.
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The functional groups include hydroxyl (OH), carboxyl (COOH), methoxyl 
(OCH^) and amino (NH2) groups, all of which are labile. The functions 
are joined to the nuclei by C— C bonds or heteroatomic bonds such as 
sulphur, ether and peptide linkages.
Lipids generally continue to be stable in this stage of diagenesis but 
some probably condense to form larger polymers, especially where 
unsaturated groups are present. Some lipids and their decomposition 
products, such as carboxylic acids, probably bond with ester (C =0)
\q
linkages (Peters et al. , 1980). Some lipids may be involved in 
repolymerisation of the decomposition products of carbohydrates and 
proteins; the result is probably alkyl side chains fixed on the humic 
material (Tissot and Welte, 1984).
Geopolymers formed from lipid-rich organic matter, such as that of 
subaquatic environments, are dominated by aliphatic chains and
alicyclic rings. Carbonyl groups (C=0) and peptidic bonds are common 
in these polymers (Tissot and Welte, 1984). Lipids that are rich in 
hydrocarbons and have few functional groups react only slightly during 
the polycondensation stage.
During late diagenesis, all the geopolymers undergo further 
cross-linking and loss of functional groups to become macerals.
The sum total of the effects of diagenesis on the elemental composition
of organic matter is mainly a loss in 0 and N. This largely occurs by
a loss of functional groups with the formation of CO and H_0.2 2
A comparison of the composition of peats and their precursors (Figures 
24 and 25) illustrates the loss of 0 and relative enrichment of C. 
During diagensis, S may be lost of gained and some methane, which may 
be trapped in sediments, is generated.
Diagenesis, as defined in the present study, involves depolymerisation 
of saccharides and their derivatives, proteins, and to a small extent 
lipids, followed by repolymerisation and condensation to form preserved 
organic matter as macerals. These processes occur at low temperatures, 
mostly in the upper 30 m of sediments. The precursor plant type and 
plant part, along with diagenesis, control the maceral type. The main
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environmental controls on diagenesis are Eh, pH and amount of microbial 
activity.
8.1c General Chemistry of Immature Macerals
In most organic geochemical studies, preserved organic matter is 
arbitrarily divided according to atomic H/C and 0/C values or HI and 01 
(from Rock-Eval) into three or four types: I, II, III and IV (e.g.
Tissot et al. , 1974; Tissot and Welte, 1978; 1984; Hunt, 1979;
Durand and Monin, 1980; Tissot and Vandenbroucke, 1983; Tissot, 1984; 
Behar and Vandenbroucke, 1987). In the present study, an integrated 
organic petrological and geochemical approach is used to divide 
preserved organic matter into macerals and maceral assemblages (oil 
shale types).
The chemical structures present in macerals are generally similar to 
those described above for geopolymers. The nature of nuclei,
functional groups and cross-linking bridges vary according to organic 
matter type.
8.1c i liptinite
Because liptinite is derived from lipid and 'lipid-related' substances, 
it is dominated by aliphatic structures. It has low contents of 
polyaromatic nuclei and heteroatomic bonds as compared with the other 
maceral groups. Less than half of the C is normally present in
naphthenic and aromatic structures. The H content and atomic H/C
values are high and therefore retort yields are high. Oxygen is 
present in low concentrations and mostly occurs in ether and ester 
bonds; minor amounts are also present in hydroxyl and carboxyl groups. 
Nitrogen in liptinite is present mostly in pyridyl rings and S occurs 
mainly in sulphide bonds and thiols. According to Harris et— 3-1 • 
(1977), Hsieh and Wert (1985a) and Tseng et al. (1986), S contents of 
liptinite are generally higher than those of vitrinite and inertinite. 
Due to the resistance of lipids to decay, some structures in liptinite 
may be inherited from the original plant material; these are termed 
geochemical fossils or biomarkers.
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Liptinite derived from higher-plants generally has more naphthenic and 
other cyclic structures and more oxygen groups than algal liptinite.
8.1c ii bituminite
Similar to its optical characteristics, bituminite has chemical 
characteristics intermediate to those of liptinite and vitrinite. It 
has more polycyclic structures than liptinite has and the nuclei are 
more polyaromatic and the bonds are more heteroatomic in bituminite. 
Some of the carbon however is aliphatic in medium length chains and 
some is naphthenic. Hydrogen contents, oxygen contents and retort 
yields are also intermediate to those of liptinite and vitrinite. 
Bituminite may yield up to 60% by weight hydrocarbons on pyrolysis. 
The O in bituminite is probably present mainly in ester groups but 
considerable amounts are also contained in ether, hydroxyl, carboxyl 
and amide groups. Most N is present in amino groups but some is also 
in heterocycles. Sulphide bonds and heterocycles are the dominant 
forms of S.
8.1c iii vitrinite and inertinite
Vitrinite and inertinite inherit a dominantly polycyclic aromatic 
structure from their lignin-rich precursors. Vitrinite however 
contains some aliphatic and naphthenic C and therefore has some 
potential to yield oil; it may yield up to 30% by weight oil during 
pyrolysis. The potential of inertinite however is diminished because 
of the loss of these groups during early diagenesis. If bacterial 
lipids are present in vitrinite and inertinite, their potential to 
yield oil is increased. The aromatic nuclei of vitrinite and 
inertinite are joined mainly by O-bearing bonds. Unlike bituminite, 
ether bonds dominate over ester bonds in vitrinite. Oxygen also occurs 
in phenol, guinone, aromatic acid, carbonyl, hydroxyl and heterocyclic 
groups. Nitrogen and S are mainly present in heterocycles. Sulphur is 
generally less abundant in inertinite than in vitrinite, both of which 
have less than liptinite and bituminite. Vitrinite and inertinite have 
only minor importance to oil shale petrology because they have less 
potential to produce oil than liptinite and bituminite.
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8.Id Maturation
Most economically attractive oil shales are low rank but some grade 
into high-rank zones at depth and are therefore source rocks for 
naturally generated petroleum. The majority of oil shales have 
undergone at least some alteration due to geothermal gradients.
As sediments are buried, physicochemical and biochemical conditions 
change. These changes lead to inequilibrium and unstable bonds in the 
organic matter. With burial, sediments undergo compaction, dewatering 
and a decrease in microbial activity. The macerals suffer metamorphic 
changes that are mainly due to progressively elevated temperatures. 
During maturation, organic matter produces a C-enriched, metastable 
residue, oil, thermodynamically stable molecules such as H^O, CO^ and 
CH^ and eventually C and H. This metamorphism is accomplished by
elimination of steric hinderances to higher ordering. These 
hinderances, which are present as nonplanar cycles and linkages, are 
removed during maturation via loss of functional groups and breakage of 
linkages between nuclei (Tissot and Welte, 1984). Because the various 
macerals are chemically different, they react differently throughout 
the various maturation stages.
8.Id i early maturation
In the present study, 'early maturation', which is the most relevant
stage to oil shale petrology, applies to processes that operate at
R levels between 0.25% and 0.5%. Hydroxyl groups and groups thatV,max
contain C=0 bonds are the most thermally labile functions. The first 
C=0 groups removed are carbonyl functions, followed by carboxyl and 
ester functions. This results in a release of stable CO^ an<̂  ^2^ 
molecules and residual, metastable macerals that have decreased O/C 
contents. Hydrogen contents decrease to a lesser extent during this 
stage. Amide functions, which are common in bituminite, are also lost 
during early maturation, thereby decreasing N contents.
Liptinite macerals suffer, at most, minor degradation during early 
maturation because of the low contents of heteroatomic bonds, low 
contents of oxygenated functional groups and because of the abundance
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of cross-linked aliphatic chains that involve stable C— C bonds. 
Bituminite and vitrinite are altered more than liptinite is altered.
8.Id 11 middle maturation
In the present study, 'middle maturation' applies to processes that
occur between R values of 0.5% to 1.0%. Numerous oil shaleV,max
deposits have ranks at the low end of this range. During middle 
maturation, the reactions of early maturation, such as decarboxylation, 
continue but they are accompanied by hydrocarbon generation via the 
release of aliphatic and alicyclic groups and subsequent condensation 
and aromatisation of residual organic matter. These processes 
initially occur through breakage of heterocyclic bonds followed by 
breakage (cracking) of C— C bonds.
During middle maturation, macérais generally undergo a marked increase 
in reflectance and a decrease in fluorescence. For liptinitic 
macérais, H is preferentially lost over O; H/C values decrease 
considerably and O/C values normally remain approximately constant.
The stage of maturation where organic matter releases hydrocarbons 
depends on the type of bonds present. Because of an abundance of weak, 
heteroatomic bonds in bituminite it should generate petroleum before 
liptinite does. Liptinite, especially alginite, does not generate 
hydrocarbons until a higher maturity is reached because of the 
cross-linked, aliphatic structurese, which mainly involve strong, C— C 
bonds.
8.Id ill late maturation
Late maturation, as defined in the present study, involves reactions at 
K r values greater than 1.0%. This stage has little relevance to
oil shale studies. Late maturation involves the production of 
progressively lighter hydrocarbons, removal of ether and heterocyclic 0 
and increased polycondensation of aromatic rings in the residual 
organic matter. Telalginite however remains morphologically intact at 
high ranks.
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8.2 Description of Variates, Sources of Error and Limitations of the 
Data
8.2a Elemental Analysis
For analysis of organic elements, elemental C, H, O, N and S are 
recorded by weight and converted into percentage bases to facilitate 
comparisons and interpretations.
Although elemental analysis of macérais in oil shales has numerous 
limitations, it has some advantages over analysis of soluble bitumen 
(i.e. extractable organic matter; EOM): contamination is less of a
problem (Tissot, 1984), a closer analogue of the original plant 
material is studied, the results normally are not grossly affected by 
hydrocarbon migration into the samples and macérais generally are 
quantitatively more important than EOM. In most studies that involve 
elemental analyses, the samples are extracted by organic solvents prior 
to determinations. The characteristics of EOM depend upon the 
conditions of extraction, including type of solvent, temperature, 
method and duration.
In the present study, total organic matter was analysed; samples were 
not extracted prior to analyses. This methodology is relevant to 
studies of oil shales because the total organic matter is retorted for 
oil shale utilisation. The disadvantages of this approach include some 
of those listed above for EOM analyses because material referable to 
EOM is analysed along with the macérais; for oil shales however, the 
results are heavily weighted towards composition of the macérais and in 
most cases, the contribution from the EOM is minor to negligible. 
Soluble bitumen contents of oil shales are normally less than 15% by 
weight and the results of analyses from the two different methods (i.e. 
total organic matter and total less the EOM) are generally similar. 
The percentage of H will normally decrease slightly and 0 will increase 
slightly after extraction (Durand and Monin, 1980) but these changes 
are probably insignificant for most oil shales.
Of primary importance in any organic geochemical work is the 
maintenance of representative sampling and consideration of organic
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matter type. In the present study, petrographic analyses were done to 
facilitate sampling control and to monitor maceral types. Pyrolysis 
studies and information from the literature were used in conjunction 
with some elemental analyses to enable additional comparisons and 
control.
The errors in elemental data mainly originate from three sources: 
sample preparation, residual minerals and the elemental analysis 
procedure itself. In most instances, these can be maintained at an 
acceptable level.
8.2a i sample preparation and residual minerals
The objective of demineralisation is complete recovery of unaltered 
organic matter. This is seldom, if ever accomplished but it can be 
approached to an admissible level. The main hindrances to obtaining 
this objective are the presence of organometallic complexes and more 
importantly, the presence of finely disseminated, intimately associated 
minerals.
Isolation of organic matter by fine-grinding followed by digestion in 
demineralising agents may alter the organic matter and cause 
nonrepresentative recovery. If done too vigorously, fine-grinding (to 
0.09 mm sieve in the present study) may cause oxidation and the 
demineralising acids may react with organic matter. Hydrochloric acid 
may cause hydrolysis, quaternisation, alkyl hydride formation and 
addition reactions, whereas hydrofluoric acid may cause hydrolysis, 
condensation (normally under anhydrous conditions), addition reactions 
and neoformation of insoluble fluorides (Saxby, 1976). Insoluble 
fluorides that could be formed include fluosilicate, aluminium 
oxyfluoride, potassium fluoaluminate (Forsman and Hunt, 1958) and 
calcium acid fluorides (Forsman, 1963).
Reagent effects on organic matter may be kept to a minimum by repeated 
mild digestions but complete removal of minerals is rare. Small 
amounts of residual minerals are commonly present in 'isolated' organic 
matter because of close mineral— organic matter associations 
(especially organic matter with pyrite and clay) and the insolubilities
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of some minerals. Residual clay within organic matter may cause an 
apparent increase in H and 0, carbonates may cause an apparent increase 
in C and O (Given and Yarzab, 1978), pyrite may cause an apparent 
increase in S, C, H and 0, sulphates may add to O and S and neoformed 
fluorides may add to 0 and H (Durand and Monin, 1980). A compromise 
must be made between the presence of residual minerals and the effects 
of demineralising agents on organic matter. If care is exercised, this 
compromise yields acceptable levels of error such that comparisons of 
the compositions of organic matter from various oil shales can be made.
Treatment of the organic matter concentrate with a combination of HC1 
and HF in the second stage of digestion helps to alleviate the problem 
of insoluble fluorides. The end results of the possible effects of HC1 
and HF treatments are generally decreases in H/C, O/C and possibly N/C. 
Liptinite, particularly alginite is largely resistant to these effects.
All cases analysed in the present study have residual mineral contents 
less than 23% by weight, much of which is pyrite (Appendix 15). With 
consideration of this maximum amount and in accordance to a generalised 
formula to correct for mineral contributions to elemental analysis 
(from Given and Yarzab, 1978), only corrections for contributions from 
pyrite to S are significant for the precision of the present work.
Optical examination of isolated organic matter allows detection of
residual minerals, contamination, altered organic matter and
concentrations of specific macerals. Petrographic analyses of
demineralised samples of the present study indicate no considerable
changes in R , maceral composition nor in liptinite fluorescenceV,max
characteristics, as compared with the 'whole-rock' samples. For a 
sample demineralised by various laboratories for an ICCP working group, 
maceral reflectances were only slightly altered but the organic 
fluorescence was shifted to shorter wavelengths (ICCP, 1990). The 
demineralisation procedures used were harsher than those of the present 
study.
One of the largest sources of error in elemental analyses of organic 
matter is retained moisture. Although all laboratories dry their 
samples prior to analysis, the degree of drying varies and samples
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adsorb moisture during handling, immediately prior to analysis. 
Samples ideally should be dried as thoroughly as possible without 
altering the organic matter. Maceral concentrates have high surface 
area to volume ratios and may be hygroscopic. If samples are 
thoroughly dried, the amounts of moisture in them during analysis 
largely depend upon ambient humidity and period of exposure. Retained 
moisture with organic matter increases 0 and H and therefore produces a 
relative decrease in C for the elemental analysis.
oIn the current study, samples were dried at 50 C under a vacuum until 
equilibrium was reached. They were then stored in sealed containers in 
a desiccator to avoid moisture readsorption. Repetition of analyses of 
some alginite samples that had variable degrees of exposure indicates 
that they are not highly hygroscopic and that the elemental results are 
consistent. In the present work, exposure of samples to the atmosphere 
prior to analyses was maintained to less than five minutes; 
equilibrium was normally achieved during weighing within one to two 
minutes. The gain in moisture for each sample studied was probably 
minor and similar for all cases. If the standards adsorbed similar 
amounts of moisture as the organic matter, the errors are minimal.
Demineralised organic matter tends to become electrostatically charged 
during sample preparation and this affects the weighing process. In 
the current study, a static eliminator was used to alleviate the 
problem.
8.2a ii analytical procedure
Because of the micro-scale of the elementally analysed aliquots 
(i.e. less than 5 mg), contamination and representative sampling are 
important constraints on the data. In the present study, 
representative sampling was maintained through petrographic control, 
fine-grinding and careful splitting of the samples. Optical 
examination with a binocular microscope was used to detect and aid in 
removal of contamination.
Through calibration of the elemental analyser with standards, errors 
common to the standard and the organic matter are compensated;
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the standards should therefore ideally have similar compositions, 
structures and molecular weights to those of the organic matter 
analysed. For the current study, ideal standards were not available 
and therefore the standards recommended by Perkin-Elmer (1980) were 
used.
Incomplete reactions are some of the main problems of elemental 
analytical procedures and may be at least partly compensated, through 
employment of appropriate standards (Durand and Monin, 1980). Most 
organic matter from oil shales however has few fused aromatic rings and 
is therefore highly reactive during pyrolysis. The high temperatures 
used in the present study (i.e. greater than 900° C) normally caused 
complete combustion of the organic matter. Incomplete combustion is 
most likely during O analyses because of the inert atmosphere employed.
Due to either instrumentation difficulties or lack of sample, many S 
values in the present study could not be determined directly. In these 
cases (sample numbers 1.2, 1.4-1.9, 8.1, 12.1, 18.0, 21.0, 46.0, 59.0, 
64.0, 65.0 and 66.0), S was determined by difference, which produces a 
major constraint on the values. Where this mode of calculation is 
used, the variable accumulates some analytical errors. Direct S 
detection may be affected by incomplete conversion to SO^; the amount 
converted largely depends upon the matrix (Huffman and Stuber, 1985).
In the present study, precautions against instrument-derived error were 
taken by standardising the analyser every day it was used and by doing 
a 'blank' analysis before each organic matter analysis such that 
'background' was determined. Some minor errors however may have 
originated from the instrument. Some sources of these errors are very 
small leaks that may slowly develop in the combustion train/analytical 
system and gradual exhaustion of consumable chemicals.
The magnitude of uncertainties involved in the elemental analyses can 
be assessed by making intralaboratory and interlaboratory comparisons 
of replicate samples.
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8.2a ill intralaboratory comparisons
Where replicate cases are analysed with the same equipment, in the same 
laboratory, by the same operator, over the minimum practical time 
between analyses, the agreement between results is termed 
'repeatability' (Caulcutt and Boddy, 1983; SAA, 1986a). The 
acceptable difference between two results may be determined by 
comparison of a large number of duplicates. This difference may be 
represented at a 95% confidence level as about 2.8s, where s is the 
standard deviation of a normal population. The relative deviation, 
expressed as a percentage of the mean (i.e. range x 100/mean), may also 
be used to indicate variation between duplicate items.
Table 33 contains repeatability tolerances for weight percentages of 
C, H, N, and S in coal, as recommended by the Standards Association of 
Australia. It also contains mean relative deviations for 440 duplicate 
organic matter samples analysed at the Institut Français du Pétrole 
(from Durand and Monin, 1980). The tolerances given by the American 
Society for Testing and Materials and the British Standards Institute 
( BSI, 1977) are similar to those of the SAA (1986a). Most cases 
analysed in the present study were done at least in duplicate and the 
results were averaged. The duplicate results are commonly within the 
limits specified by SAA (1986a) but tolerances more realistic and 
appropriate for the samples of the present study are given in Table 33. 
These values are approximate; detailed determinations are prevented by 
the limited number of cases and are beyond the scope of the study. 
About 80% of the results lie within the proposed limits. In the 
current study, the maximum variation in repeated C determination is 
2.1% absolute (~3% relative deviation), for H is 0.4 (-5%), for O is 
1*3 ( 11%), for N is 0.4 (~32%) and for S is 13% relative deviation.
A possible systematic error in the current study is indicated by the 
average mass balance (sum of all elements and ash) of 101.2% 
(Figure 26). Sums of greater than 100% are common (Huffman and Stuber,
1985) and are caused by contributions of elements from minerals. The 
five elements and ash are determined on four different 'runs' and 
therefore summation to 100% is unlikely.
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The results of Durand and Monin (1980; see Table 33) support the 
limits of repeatability tolerance suggested for the present study. The 
reasons for this lack of precision relative to those specified by the 
SAA (1986a) are outlined in sections 8.2a i and ii. of major 
importance is residual mineral contents, moisture adsorption and 
heterogeneity of the samples, which is exacerbated by the micro-scale 
of analyses; the SAA (1986a) recommendation applies to air-dried coal. 
Mineral and moisture contents largely depend upon the original rock 
type and therefore repeatability is partly related to lithology. 
Because of the degree of precision, all elements are recorded to only 
one decimal point in the present study. Even if the precision of SAA 
(1986a) applies however, the major elements should also be recorded to 
only one decimal point.
An alginite sample from Joadja in NSW, Australia was used as an 
'in-house standard' for the current work. It was analysed by AMDEL and 
on various occasions at the University of Wollongong, which enabled 
monitoring of the analyser. Statistics of these analyses are presented 
in Table 34 and give a further indication of the exactness of the data. 
The determinations on these few replicates indicate that the 
uncertainties in H, O and N are similar to those of repeated analyses 
over a short time span but the uncertainty in C is increased.
The effects of two different types of sample preparation are indicated 
by the intralaboratory comparisons of analyses of cases that were 
demineralised for pyrite, with analyses of cases that contain pyrite 
and were corrected for pyrite contents (Table 34). These very limited 
data indicate that the different procedures may cause a larger 
deviation in C, O and N than where the same procedure is followed.
Because of the differences in sample preparation, these statistics on 
samples done in different batches are, in part, more representative of 
interlaboratory discrepancies.
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8.2a iv interlaboratory comparisons
Where replicate cases are analysed by the same method but at different 
laboratories, which employ different equipment and operators, the 
agreement between results is termed reproducibility (Caulcutt and 
Boddy, 1983; SAA, 1986a). The method for determination of the 
acceptable variation is similar to that of repeatibility; some 
recommended tolerances for organic matter in coal are presented in 
Table 33. Reproducibility is inevitably larger than repeatability and 
is especially relevant to the present study because of the various 
sources of analyses used.
For elemental analyses of organic matter from oil shales, the 
recommended tolerances of Table 33 are gross underestimates because of 
the various methods of sample preparation, analyses and data processing 
employed at various laboratories. Many of these differences are 
difficult to assess because details of analytical methodology are not 
given in most publications. The common practice of O calculation by 
difference probably makes a major contribution to interlaboratory 
discrepancies in 0 analyses. Some results from the literature that are 
used in the present study are documented as having 0 determined by 
difference; these cases are indicated in Appendix 5. Some other O 
values were probably also determined by difference but were not 
designated as such.
Table 35 contains interlaboratory comparisons for four cases analysed 
at the University of Wollongong and at various other laboratories 
throughout the world. These results indicate that large variations may 
exist in all elements for replicate cases.
Durand and Monin (1980) plotted C determined at one laboratory versus C 
determined at another laboratory and plotted O determined at one 
laboratory versus 0 determined at another laboratory. They found that 
the 'best-fit' regression line for the duplicate C values is similar to 
the 'C = C' line although differences of up to 10% absolute exist. The 
regression line for O however is different from the 'O = O' line and 
therefore systematic errors are present. These errors are probably due 
to different procedures. .
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Many sources of error exist for intralaboratory and interlaboratory 
comparisons: adsorbed or retained moisture, mineral content,
nonrepresentative sampling, calculation of some elements by difference 
and differences in methodologies. These inaccuracies could be 
represented by confidence limits and error bars on plots but in the 
present study and other studies, they are omitted for simplicity; 
consideration of these constraints should however be maintained.
Although considerable variation exists in replicate data, it is minor 
as compared with the total variation of the data set of the present 
study. The analytical inaccuracies do not cause confidence in the 
following correlational procedures to be low.
Use of a multidisciplinary approach (i.e. petrographic, pyrolysis and 
elemental analyses), large data sets, justified removal of outliers and 
statistical techniques largely alleviates these uncertainties and 
errors.
8.2b Pyrolysis Analysis
Five variables are recorded from 'bulk-flow' pyrolysis of rocks. Total 
organic carbon (TOC), S , and are all measured by weight and are 
normalised according to total weight of the rock. and are
recorded in mg of hydrocarbon (HC) per g of rock and is recorded in 
mg of C02 per g of rock. The values ideally represent volatile 
hydrocarbons that are vaporised before the macerals are pyrolysed, 
ideally represents hydrocarbons from pyrolysis of macerals and
. • o .ideally represents CO from pyrolysis of the macerals. T (in C) is * c 2 max
the temperature of maximum rate of evolution of hydrocarbons.
Numerous other variables, such as hydrogen index (HI; i.e.
[S ]100/TOC) and oxygen index (01; i.e. [S 1100/TOC) are determined 
from the basic variates.
Because the amount of sample preparation needed for pyrolysis analysis 
is minimal, it is not a major source of error. Similar to elemental 
analysis however, constraints on the data are caused by variation in 
organic matter type, lack of representative sample control, presence of 
minerals and analytical problems.
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8.2b i minerals
The presence of minerals may alter determinations made from pyrolysis 
analyses. The amount and type of produced hydrocarbons are affected by 
the type and amount of minerals; the effects increase with mineral 
abundance (Espitalie et al., 1980; Horsfield and Douglas, 1980; Katz, 
1983; Orr, 1983; Dembicki et al. , 1983; Espitalie et al. , 1984;.
Peters, 1986). Mineral effects are minor in medium- and high-grade oil 
shales because of the large contents of organic matter. The effects 
may be appreciable however for low-grade oil shales and may influence 
interpretations on organic matter type, rank, HI values and 01 values; 
comparisons of pyrolysis data with those of organic petrography and 
elemental analyses may also be affected.
One of the main effects of minerals, especially clays, is retention of
retorted, heavy hydrocarbons and subsequent cracking to form lighter
moieties. The degree to which this occurs largely depends on surface
area and adsorptive capacity of the various minerals. The effect of
any mineral is variable but smectite clays generally have a higher
adsorptive capacity than other clays, which in turn have higher
capacities than carbonate, gypsum and quartz (Orr, 1983). The main
results of this effect are to decrease and consequently HI, to
increase T , and in some cases to cause some S to report as S . For max 1 2
organic matter in the Green River Formation, Katz (1983) showed that HI 
increases by about 200 mg HC/g of TOC, from TOC values of 5% to 8% and 
by a further 200 from TOC values of 8% to 10%. The effects of 
hydrocarbon retention generally are probably minimal at TOC values 
greater than 10%. In the present study, 12 of the 48 cases have TOC 
values less than 10%.
The other major effect of minerals on pyrolysis studies is a 
contribution of CC>2 from carbonate to Detection of is normally
for gases formed at less than 390 C; carbonate generally begins to 
decompose at temperatures higher than this but exceptions exist. Katz
(1983) showed that addition of 80—90% by weight carbonate to a 
carbonate-free rock may increase S by a factor of up to 10. Lowered 
decomposition temperatures of carbonate may be related to 
crystallographic inconsistencies, conditions of pyrolysis, organic
256
matter— mineral interactions (Katz, 1983) and carbonate— clay
interactions (Espitalie et al., 1984). Because of the increase in S
3'
carbonate decomposition also causes an increase in 01 and TOC and a 
decrease in HI. Similar to other mineral effects, these effects are 
most severe for cases that have large concentrations of minerals; the 
increase in 01 at TOC values greater than about 5% generally is 
probably minimal. In the present study, 3 of the 48 cases have TOC 
values less than 5%.
8.2b 11 analysis and precision
The flame ionisation detector (FID), which is used for determination of
the amounts of hydrocarbons generated, and the thermal conductivity
detector (TCD), which is used for determination of the amounts of CO ,2
have some limitations.
Because the FID responds largely to C mass as well as H— C bonds, some 
compounds that are not hydrocarbons are recorded and different amounts 
of some highly dissimilar compounds may give the same response 
(e.g. one molecule of benzene and 6 molecules of methane; Peters,
1986). The detector response is normally calibrated directly into 
hydrocarbon units and standards that are different from the 
hydrocarbons measured are commonly used. The normal standard employed 
is a high molecular weight, normal alkane and therefore the detected 
hydrocarbons are presumed to have about 85% by weight C (Orr, 1983). 
The mean C content of the retorted oils included in the present study 
is about 82% and therefore, is generally underestimated by about 4% 
of the amount present. These limitations along with the lack of
detection of H and H O  are especially important where [S llOO/TOC is2 ^
considered as a 'hydrogen index'. Where precautions are exercised, 
and are reproducible to +5 — 10% (Orr, 1983) and is "accurate" to
within 1-3° C (Peters, 1986).
oThe TCD normally records C02 produced between 250 and 290 C; C02 
formed outside this range is not detected. For vitrinite—rich and 
possibly bituminite-rich samples, some C and 0 are released as CO, 
thereby lowering the TOC and values. The parameter is
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particularly susceptible to instrumentation problems such as gas leaks 
(Peters, 1986).
The presence of bitumen and heavy oils in some oil shales may cause 
problems, most notably where comparisons of pyrolysis data are made 
with other types of data. Bitumen and oil are supposedly represented 
by S but some heavy entities may be reported as S (Clementz, 1978; 
Tarafa et al., 1983; Dembicki et al., 1983; Orr, 1983; Peters, 
1986). This contribution to causes decreases in T (Peters,
1986). For any rock that has S greater than 1 mg HC/g of rock, some 
contribution to S2 is likely (Clementz, 1978). In immature rocks, S.̂
and S2 may be poorly separated (Peters, 1986). In the present study,
the problems caused by bitumen with regard to HI are circumvented by 
the use of 'S plus S2 ' in calculations of 'THI' ('total hydrogen 
index'). This method of calculation also alleviates any problems in 
calculation of HI by using the C in S^ and S2 and using the 
hydrocarbons in only . This consideration of 'total organic matter' 
involves a similar rationale to that for elemental analyses.
Additional constraints apply to correlations between and EOM; 
includes Ci~C22 hydrocarbons whereas EOM only includes ~C - C ^  
(Peters, 1986).
Because of the possible migration from other rocks, hydrocarbons that 
report as are not necessarily indicative of inherent characteristics 
of the organic matter. In the current study, most of the problems 
associated with are minor because of the predominance of macerals 
over 'free hydrocarbons' in most oil shales.
From analyses of a sample of the Woodford Shale (USA) by eight
different laboratories, a substantial range of values were determined
for the various parameters: TOC ranged from 5.4-9.1%, S ranged from
0.53-3.08 mg HC/g rock, S2 ranged from 32.5-55.4 mg HC/g rock, S3
ranged from 1.2-2.3 mg CO /g rock, T ranged from 413-421°C, HIz max
ranged from 377-763 mg HC/g organic C and OI ranged from 18-25 mg C02/g 
organic C (TSOP, 1990).
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Although pyrolysis analysis has many limitations, a knowledge of these 
along with use of the data in sets and confirmations of the analyses 
with results of other methods allow considerable insights to be made 
into hydrocarbon yields and the abundance and nature of organic matter 
in oil shales. Special considerations apply however to direct 
comparisons of results from various types of analyses.
8.2c Statistics
Statistical procedures in general and correlational analyses in 
particular are derived according to a set of assumptions and strictly 
apply only to variables that have certain specifications. If the 
procedures are applied to data sets that are not consistent with the 
assumptions and specifications, the effects of the inconsistencies on 
statistical analyses are commonly indeterminate. The constraints on 
analyses are generally most important for multivariate and inferential 
statistical techniques. Although many multivariate procedures are 
robust, an analysis is not considered in the present study if any 
assumptions or specifications are blatantly compromised or if many are 
in doubt. In some of these instances, more basic methods are 
substituted.
Because the world population of oil shales was not randomly sampled, 
statistical analyses of the present study are oriented towards the 
specific data set sampled (i.e. fixed case), rather than to inferences 
on the population (i.e. random case). Where the sample sets are large, 
analyses of subsets of the data enable validation of the results 
(i.e. cross-validation). These confirmations possibly indicate that 
the trends exist in other data sets but the procedure remains strictly 
exploratory. In studies of the fixed case, some constraints on the 
data are partially relaxed.
Raw data for correlation procedures must be continuous (i.e. either 
ratio or interval). In most analyses of the present study, the data 
were standardised to remove most problems caused by differences in 
scales of measurement and to equalise the weight given to each variate. 
Some of the assumptions on which statistical analyses are based may be 
accommodated by other data transformations.
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With regard to statistical analyses, the constraints and assumptions 
for the data involve the number of items, normality of distributions, 
linear relationships, multicollinearity of variables, singularity of 
matrices, missing data, outliers and some other limitations specific to 
various types of multivariate analyses; many of these constraints are 
interrelated.
8.2c i number of cases
The number of items (N) has a considerable bearing on all statistical 
analyses and is particularly relevant to significance tests and 
inferential statistics. Of fundamental importance is the relationship 
of the number of cases to the number of variables (n). If N is less 
than n, the degrees of freedom are negative, data matrices are singular 
(see below) and matrix inversions are unstable.
For stable, statistically meaningful results, a proposed general rule
2is that N should be at least lOn + 50 or where n is small, n + 5 0  
(Thorndike, 1978). If N is less than these recommendations, sample 
specific covariations are noteworthy, solutions are potentially 
unstable and significances are questionable. If N is large, meaningful 
cross-validations are possible and results are more significant.
In the present study, some data sets are small and the value of 
multivariate and inferential analyses is tenuous. For some groups of 
data, multivariate analyses are applied but inferences and significance 
are not considered. In sets where multivariate analyses are not 
possible, bivariate procedures are employed in an attempt to obtain 
some insight into the relationships. The results from bivariate 
analyses of multivariate data sets however have other constraints, the 
most notable of which are induced correlations from covariates.
8.2c ii normality
Normality of the distributions of variables is one of the basic 
underlying assumptions for the derivation of statistical methods. The 
importance of normality for applications of some procedures is unknown 
but the quality of all analyses, especially inferential statistics,
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will be enhanced where variates are normally distributed. If 
distributions of variables are skewed, Pearson product moment 
correlation coefficients ('r' for bivariate correlations and 'R' for 
multivariate correlations) may be higher or lower than the 'true' value 
for 'normally-distributed' variables (Tabachnick and Fidell, 1983).
Non-normal distributions may be caused by nonrandom sampling or by 
characteristics inherent to the variables. The variation of most 
natural phenomena are normally distributed but many geological variates 
have positively skewed distributions (Howarth and Earle, 1979). 
Numerous geochemical variates have lognormal distributions (Hitchon et 
al. , 1971). Skewness and kurtosis may be affected by conversion to 
percentage bases (Butler, 1981).
In many instances, such as lognormal distributions, the data can be 
readily transformed into variates that have normal distributions. 
Analyses of transformed data may have other limitations such as 
difficulty in interpretation. This difficulty is mainly caused by 
unfamilarity with the reconstructed variates. In the present study, 
much of the data are analysed from raw scores, as well as from 
transformed scores. The two types of analyses are compared and two 
types of insight are made into the relationships.
For analyses of a large number of variables, multivariate normality is 
difficult or impossible to assess but if the variables are univariate 
and bivariate normal, the likelihood of multivariate normality is 
increased. In the present study, univariate normality is tested with 
normal probability plots. In these graphs, raw scores are plotted 
against expected scores from a normal population (see Minitab, 1983 for 
the derivation of expected scores). Correlation coefficients of these 
relationships yield powerful guantitative tests of univariate 
normality; a very high correlation coefficient is consistent with 
normality.
The main data set of elemental analyses used in the present study 
comprises original results and results from the literature. Histograms 
and normal probability plots of all cases in this set, including 
outliers, are presented in Appendix 6.0. The hypothesis of normality
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is rejected at a 99% confidence for all variables (based on Minitab, 
1983); this is one of the major constraints on the atomic percentage 
data.
The distributions of C, 0, S and especially N are negatively skewed 
whereas that of H is positively skewed. The skewness of O., N, and S 
data is largely induced by detection limits of the analytical 
equipment. At values marginally greater than the analytical detection 
limits, each of these variates has a high frequency; at the analytical 
threshold value, they have a truncated frequency distribution. Biased 
sampling of more than one population also contributes to the skewness 
of the variates; most items are organic matter from oil shales but 
subsets of data such as those from coaly rocks, oils and Holocene 
organic matter are also present. For example, numerous cases have low 
0 values, partly because of the suite of oils included in the data set; 
the tail towards high N values is caused by the Holocene organic 
matter.
Organic matter from oil shales varies in chemical characteristics 
according to the petrological types. The nonrepresentative sampling, 
which is weighted towards lacosites, makes a considerable contribution 
to the positive kurtosis of the variates. A lack of normality is also 
promoted by sampling according to a definition of 'oil shale'. Where 
an arbitrary boundary on a geochemical characteristic, such as amount 
of liptinite or oil yield, is imposed on sampling, elemental variables 
will be skewed and truncated at values controlled by the boundary.
Some of the limitations of the large, main data set are not as 
pronounced in the smaller data sets where more controlled sampling was 
exercised. The data set of oils and of petrographically controlled 
cases are more normally distributed than the main data set (Appendices
6.1 and 6.2).
A log ratio (log-centred, LC; discussed in section 8.3c iv) 
transformation of variables in the large elemental data set 
considerably increases normality (Appendix 6.3); the LC of C = logC - 
[ (logC + logH + logo + logN + logS)/5]. Lack of normality is not a 
major limitation of the transformed data. A constraint on log
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transformations however is that values of 0.0 cannot be transformed. 
In the present study, zero values are converted to 0.01 and are 
subsequently transformed; this promotes a negative weight to nil 
values and a positive weight to the corresponding dominant components.
A further aid in achievement of normal distributions is removal of 
outliers; this is discussed in section 8.2c vi.
The hypothesis of normality is rejected with 99% confidence for all 
variables of the pyrolysis data set, which includes original data and 
data from the literature (Appendix 6.4). This is a major limitation of 
these data.
8.2c ill linearity and homoscedasticity
Multivariate statistical analyses are based on the 'general linear 
model'. In this model, relationships between any pair of variables or 
combined variables (canonical variates) are assumed to be linear and 
additive. Only the linear parts of relationships are captured by these 
analyses and are adequately described by correlation coefficients. If 
a relationship is not linear or if the variability of a variate depends 
upon values of other variates (i.e. the variable is heteroscedastic), 
the correlation coefficient will be an underestimate of the 
association.
Bivariate scattergrams (Appendix 7) indicate any curvilinearity and 
heteroscedasticity present, as well as provide further information on 
normality. For linear relationships, the pattern of plotted points 
should be oval shaped; correlation coefficients quantify the 
relationships. The low correlation coefficients between most of the 
atomic percentage variates of all the elemental data sets indicate a 
general lack of linearity. Visual inspection of the scattergrams 
however indicates that curvilinear relationships are also absent and 
therefore r is probably a fair measure of association (Appendices 7.1 
and 7.2).
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The bimodal distribution of N for the main elemental data set 
(Appendix 7.0) is caused by the Holocene subsample set. Some of the 
plots of this data set, most notably the N plots, H vs O and O vs S, 
exhibit heteroscedasticity. This probably is mostly caused by skewed 
distributions due to nonrepresentative sampling. In these instances, r 
is an underestimate of the linear relationships.
As expected, the scattergrams of the petrographically controlled set of 
elemental data indicate more homoscedasticity and bivariate normality 
(Appendix 7.1) than those of the main data set. The linearities of 
relationships in the petrographically controlled data set and in the 
oil data set are highly variable but no curvilinear relationships are 
evident; r is therefore a fair measure of association. 
Nonrepresentative sampling is more prevalent in the set of oils than in 
the petrographically controlled set of organic matter.
Log ratio transformations of the elemental variates of the main data 
set markedly change linear relationships (Appendix 7.3). Many of these 
changes are caused by the decreased induced correlations of the 
'closed' data. The transformation partially straightens curved 
variability and also preserves any pre-existing linearity (Aitchison, 
1983; 1984a; 1984b; 1986); the amount of bivariate curvilinearity 
in the raw score data is minimal however and therefore any 
straightening is minor. Homoscedasticity and bivariate normality are 
increased by the LC transformations and therefore the relevance of r is 
increased.
The pyrolysis variables generally have poor linear relationships but do 
not have obviously curved ones (Appendix 7.4). The bivariate normality 
suffers because of the low number of cases and the biased sampling.
For all of the data sets analysed in the present study, r is apparently 
an adequate measure of relationships.
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8.2c iv multicollinearity
Multiva.2ria.ts statistical techniques initially involv© determination of 
variance— covariance (var— covar) matrices by matrix multiplication. 
Most multivariate procedures involve subsequent inversion of the 
var covar matrices, which requires division by their determinants (for 
succinct discussions of the use of matrix alqebra in multivariate 
statistical analyses, see Davis, 1973, Thorndike, 1978 and Tabachnick 
and Fidell, 1983). If any variables are highly or perfectly correlated 
(i.e. multicollinear), the determinants of the var— covar matrix are 
respectively close to zero or equal to zero. Where the determinant is 
zero, the matrix is termed singular and matrix inversion is impossible; 
where it is near zero, inversion yields large, unstable values. 
Singular var— covar matrices are characterised by at least one 
eigenvalue of zero and some negative covar values.
A special type of singularity relevant to the present study and other 
geochemical studies is imposed by constant-sum ('closed') data. Many 
geochemical variates can only be measured as percentages and only have 
meaning as percentages. Percentage formation causes each of the 
variables to have a perfect multiple correlation with the others. This 
singularity not only imposes restrictions on matrix inversion but also 
induces spurious correlations. Maximum possible independence is 
therefore not represented by a 'zero' correlation coefficient. Large, 
negative correlations are induced between variables that have large 
variations and smaller, positive correlations are imposed on variables 
where at least one has a low variance. If variance is concentrated in 
some variables, this positive correlation may be reinforced but the 
induced negative correlations are generally more severe. Some 
'significant' correlations may be entirely due to closure. In a study 
of a data set that comprised random numbers (N = 2000, n = 5), Butler 
(1978) found correlations ranging from -0.009-0.029; the data set was 
closed by forming percentages and the consequent correlations ranged 
from -0.806-0.858.
The constraints of constant—sum data have been known for many years but 
few workers have respected the limitations. The problems of closure 
have been elucidated in numerous publications in the 1970s and 1980s,
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commonly with an orientation to chemical or geochemical data sets and 
multivariate analyses (e.g. Chayes, 1970; 1971; Trochimczyk and 
Chayes, 1977; Chayes and Trochimczyk, 1978; Miesch, 1969; 1980; 
Butler, 1975; 1976; 1978; 1981; Hohn and Nuhfer, 1980; Aitchison, 
1983; 1984a; 1984b; 1986).
For multicollinear data, the mathematical constraints on matrix 
inversions, which are used in R-mode statistical techniques, may be 
alleviated through employment of stepwise methods (sequential 
introduction of variables to the analyses), omission of redundant 
variables, use of ratios or other 'row' transformations such as square 
roots, employment of correlation coefficients based on rank and through 
use of partial correlation coefficients. These methods however do not 
remove the induced correlations of closed data systems (Butler, 1978; 
1981). For example, ratios from open or closed arrays of data may have 
spurious correlations. If all terms, including numerators and 
denominators, of the ratios are different and uncorrelated, the ratios 
will also be uncorrelated but if they have a common denominator 
(e.g. H/C vs O/C), correlations are induced (Chayes, 1970).
Conversion of variates to uncorrelated (r = 0) principal components 
(PCs) is a more sophisticated solution to the problems of constant-sum 
data. The relevance of these canonical variates is however 
questionable because maximum independence of constant-sum variates 
should not be represented by a zero correlation. Because much of the 
variance accommodated by the PCs is due to closure of the data, 
additional considerations apply to interpretations of the correlations 
and regression coefficients.
Induced correlations from closed data systems can be circumvented 
through employment of a log—centred (LC) row transformation (Aitchison, 
1983; 1984a; 1984b; 1986). Log-centred and percentage scores for 
the main elemental data set are presented in Appendix 8.
Although only multivariate analyses reveal the complete effects of the 
transformation on correlations, bivariate plots (Appendix 7.3) give 
some indications. In the atomic percentage data of the present work,
C and H are the dominant elements and have the largest variations;
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they therefore have negatively induced correlations. The most profound 
effect of the LC transformation is removal of this negative bias and a 
consequent revealment of a strong positive correlation (Appendix 7.3). 
This positive correlation for a theoretically open data array is 
consistent with the geochemical association of C and H. The other 
changes in correlations of the elements that have the largest variances 
(i.e. C, H and O) are minor in comparison with the change in the C— H 
correlation. The correlations between atomic percentage variables, 
where one has a small variability, are generally decreased in the LC 
transformation; this is possibly due to removal of some induced 
positive correlations.
Log-centred data are a development of the mid- to late 1980s; 
well-documented use of the transform in multivariate analyses of 
geochemical data is rare or nonexistent. Woronow (1987) however has 
accepted the employment of LC data as a solution to many of the 
problems of closed data systems. The use of LC techniques in the 
present study is experimental and exploratory.
Although a lack of familiarity with LC scores is a drawback, the sizes 
of LC scores within a case are directly related to the percentage 
values and therefore interpretations are not severely obscured. The LC 
values range from about -2.4, which represents nil or trace amounts, up 
to about 1.8, which represents large amounts.
Each row of the LC matrix of scores sums to zero but they are not 
transformed analogues of the constant sum constraints of the raw data 
(see Aitchison, 1984b; 1989). For multivariate analyses that involve 
matrix inversions, this problem of singularity can be circumvented 
through employment of stepwise techniques. As mentioned above, 
treatment of 0% values is a further limitation of the LC scores. The 
advantages of LC data (i.e. promotion of normal distributions, 
accommodation of curvilinear variation and circumvention of 
correlations induced by closure) outweigh the disadvantages. In the 
present study, statistical analyses are done on raw scores and LC 
scores; this enables comparisons and two types of perceptions of the 
data structures.
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8.2c v missing data and outliers
Missing data and outliers (values greatly different from others) may 
both affect statistical analyses. If the missing data are not a random 
subset, a bias will be produced. In the present study, 'pairwise 
deletion' of missing values is exercised where applicable, such that 
the data are maximally used. In this method, bivariate correlations 
are determined from all items that have values for the two variables 
involved (i.e. an item is not completely rejected if it is missing a 
value on one variable). Some of the correlation coefficients therefore 
may be determined from different cases; if a data set has a 
considerable number of missing values, statistics such as 'r' may 
become distorted. Problems caused by missing values are minor in the 
present study because the data sets are mostly complete.
Outliers have a much more profound effect on statistical analyses. By 
detracting from the central structure of a distribution, they may cause 
skewness and may dramatically alter the significances and values of 
correlation coefficients. In the present study, univariate outliers 
are categorised and coded, largely according to their standardised 
scores. The standardised scores ('z' score = [score - mean]/standard 
deviation) and outlier codes for atomic percentage data of the main 
elemental data set are presented in Appendix 9. Although these outlier 
codes are defined on statistical grounds, geochemical and petrological 
characteristics are also major considerations. The most extreme 
outliers are coded either with a '3' or '2' on the basis of z scores 
determined from the complete data set. The outliers coded with a '1' 
are based on z scores determined from only cases of the same deposit 
type (Appendix 9).
A case may be an outlier because of analytical or computational errors 
or because it is from a poorly represented sample set (e.g. in the 
present study, cases that have a high rank or dominant inertinite). 
Petrographic compositions, ranks, possibility of misclassification, 
sources of error and other limitations are commonly poorly documented 
for data from the literature. The simplest solution to the problem of 
outliers is omission but the omission should be justified on scientific 
as well as on statistical grounds. Where an outlier is omitted,
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subsequent inferences and interpretations do not pertain to that type 
of case because of the loss of data. A decision must be made on 
whether the type of case represented by the outlier is to be 
considered. If an outlier is a highly unusual and potentially 
erroneous or misclassified case, any possible disadvantages of the loss 
of information is normally outweighed by the increase in quality of the 
statistical analyses.
The two most extreme outliers (case numbers 19.003 and 51.050) were 
omitted from all multivariate analyses of the current work. These data 
are both from the literature; 19.003 is from the Green River Formation 
and 51.050 is from weathered Toolebuc Formation. Sample 19.003 has 
anomalously large amounts of C and small amounts of H (Appendices 6.2 
and 7.2). This composition is probably caused by a high rank or 
abundant vitrinite/inertinite. Sample 51.050 has anomalously low H and 
high O. This is probably caused by weathering or extensive 
micrinitisation; determination of O by difference could be a 
contributing factor. Because these cases are not representative of 
their deposits and the cause of abnormal geochemistry is not definitely 
known, neither of them are important to the present oil shale study; 
inferences to these types of cases are not considered.
Some outliers are retained for principal components analyses (PCA). 
These outliers normally have less extreme values than cases 19.003 and 
51.050 and commonly are from anomalous subsample sets, such as the 
Holocene organic matter, which has high N values.
Samples 1.6 and 68.01 are omitted from discriminant function analyses 
(DFA) and cluster analyses (CA). Sample 1.6 has an anomalously high S 
content (Appendix 5), which is possibly due to determination by 
difference. Sample 68.01 is an epi-impsonite and has an anomalously 
high C value. The specimen is a 'pyrobitumen' and was probably formed 
by alteration of oil (Pittion, pers. comm., cited in Jacob, 1980). 
Because DFA is highly sensitive to outliers within the groups, two 
additional outliers were omitted. These outliers (cases 9.23 and 
15.00) are from lacosite deposits and the results are from the 
literature. They have elevated O values, which are probably caused by 
high vitrinite/inertinite contents. Omission of the outliers mentioned
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above does not lead to a loss of information important to the present 
study.
Because data transformation increases the central tendency of some 
outliers to the frequency distribution, their detrimental effect is 
reduced but different outliers may be created. The severities of the 
outlying cases 19.003 and 51.050 are less in the LC data than in 
percentage data (Appendices 6.3 and 7.3). These outliers are omitted 
from LC analyses however because of the geochemical considerations and 
because they plot as anomalous values on some bivariate (Appendix 7.3) 
and discriminant function (DF) plots. The LC data have three 
additional outliers: sample 1.910, which is an oil that has no O 
(determined by difference), sample 66.0, which is a bitumen that has 
negligible N contents and sample 52.402, which is from a bitosite 
deposit and has a high C content possibly due to maturation.
The codes used for the atomic percentage and LC outliers (Appendices 9 
and 10) are based on standardised scores and geochemical 
considerations. They allow selection of various data sets for 
analyses. In general, either outliers coded with 1, 2, and 3 are 
omitted from the analyses or only outliers coded with 3 are omitted. 
All of the petrographically controlled cases are included in the 
analyses.
Although the limited number of cases in the pyrolysis data set 
precludes the omission of statistical outliers, cases that have HI 
values greater than 1 g of HC/g of organic C are omitted because of 
mass balance considerations and the inferred analytical errors.
All the limitations discussed above vary in their importance to the 
various types of statistical analyses; some types of analyses have 
further limitations inherent to the procedure. Constraints 
specifically associated with each procedure are discussed in section 





The general objectives of data processing in the present study are 
elucidation and evaluation of implicit patterns in the numerical data. 
These insights enable categorisation of the oil shales and 
interpretations on the organic geochemistry and their relationships to 
general petrology.
Initially, the raw data are converted into a meaningful form that 
facilitates interpretations on chemical structures, progenitor organic 
matter, postdepositional alteration and oil yields.
Statistical analyses allow clarification of the data structures. 
Univariate analyses are preliminary steps that indicate the frequency 
distributions of the individual variables. The 'R-mode' and 'Q-mode' 
correlational procedures provide information on interrelationships of 
the variables and sampled cases respectively. Ternary C— H— O diagrams 
and bivariate plots such as van Krevelen diagrams are useful, 
well-established methods for presentation of elemental compositions. 
Techniques based on multivariate correlations enable succinct 
quantification of the variation and relationships in the data. The 
results of these multivariate procedures lead to explanations of the 
causes of variation, derivation of objective classification schemes and 
selection of important variables for classification.
One of the major objectives of the present study is to determine 
differences in variability between various petrological groupings and 
to attempt to distinguish oil shale types based on geochemical 
predictors. Other important objectives are to determine whether 
natural groupings based solely on geochemistry are present and to find 
the possible causes for any groupings.
From the characterisation of the geochemical and petrological data, 
properties relevant to exploration and exploitation programs may be 
summarised and assessed.
271
8.3b Basic Elemental Variates 
8.3b i initial calculations
In the present study, the raw analytical data comprise total, dry 
weight percentages of C, H, 0, N, S, ash and Fe. A FORTRAN program was 
developed to convert these raw data into weight percentages of mineral 
matter and weight percentages of C, H, 0, N and S on dry, mineral 
matter-free (DMMF) bases (Appendix 11).
Mineral matter is calculated as, MM = 1.13[ash] + 0.55[Fe] (modified 
after Kinson and Belcher, 1975 and Given and Yarzab, 1978 to account 
for the effects of demineralisation). This formula allows for 
corrections of weight losses from pyrite combustion to hematite and 
weight losses from elimination of the water of hydration in clay. The 
amount of water lost from clay is variable; 1.13 represents an average 
value for clays present in organic matter-rich rocks. Determination of 
the percentage of an organic element by division by the total of the 
five elements (e.g. Durand and Monin, 1980) does not allow for these 
weight losses nor for analytical errors. The assumption of dominantly 
clay and pyrite residual minerals is confirmed by petrographic analyses 
of some samples examined in the present study. Clays are present 
because of their intimate association with organic matter and because 
of the low solubilities of silicates in HF relative to the solubilities 
of carbonates in HC1. Pyrite normally was not removed by 
demineralisation.
Contributions of elements from the clay to the analyses are 
insignificant. The donation of S from pyrite (S^) i-3 corrected 
according to = 1.14(Fe), which relates to the stoichiometry of 
pyrite. All inorganic S is assumed to have originated from pyrite; 
most sulphates should have been removed during demineralisation.
In the present study, the DMMF values are not normalised to 100%; the 
analytical errors therefore exist in the value of the element that they 
originated from and are not distributed throughout the data. Where the 
values of the elements sum to less than 100%, an allowance exists for 
the presence of other elements. The FORTRAN program has a provision
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for calculation of any missing elements by difference (e.g. S in the 
current study). For these cases, the value of the missing element is 
determined by subtracting the other elements from the mean 'mass 
balance value of 101.2. The mass balance is the sum of elements and 
£02? a complete analysis. This method allows for systematic
analytical errors, such that they do not all accumulate in the S 
values. In the present study, many of the statistical analyses relate 
atomic percentage variables, thereby facilitating interpretations on 
chemical structures. Conversion of the data to atomic per cent 
necessitates normalisation to 100%. This conversion gives weight to H, 
which is the most important element for studies on oil shale organic 
matter and oil yield.
8.3b i.i H/C— O/C and C— H— O diagrams
Since the development of elemental analytical techniques, numerous 
methods of displaying the data have been proposed (for some historical 
perspectives see Stephens, 1979b; Durand and Monin, 1980; Neavel et 
al♦ / 1986). Because of the difficulty in visualisation of more than
three dimensions, the representations are either binary or ternary. 
They therefore involve data reduction by the use of subcompositions, 
which result in a loss of information. Other problems of these methods 
are the induced correlations caused by closed data, by ratio formation 
and by covariation with a variable not considered (i.e. indirect 
correlations) . For example, because the rows of elemental data sets 
sum to 100 and H and O are major elements, H/C and O/C values have an 
inherent, induced, negative correlation.
Categorisation of data in binary and ternary plots is normally done 
visually. It is therefore, at best, semi-quantitative and may lack 
objectivity. These representations however have some advantages over 
multivariate techniques because the basic variables are commonly more 
meaningful and easier to conceptualise than some statistically derived 
variables. Additionally, these simple plots are conveniently produced 
and may be used for small data sets.
Because most of the variation in the elemental analyses of organic 
matter exists in C, H and O, most classical methods of data
273
representation relate to these elements; atomic H/C— 0/C plots are the 
most widely accepted of these. van Krevelen diagrams are popular 
largely because simple reactions may be represented by straight lines, 
basic C structures and hydrocarbon generation potential are evident and 
maturation paths are well established and easily indicated. Most work 
done with H/C— 0/C plots has however had a lack of integration with 
petrographic analyses. Transformation of data into ratios has positive 
and negative attributes. The ratios are dimensionless and meaningful 
and they have fewer uncertainties than values for individual elements 
because of cancellation of some analytical errors. The role of C 
however is reduced because of its use as a denominator for 
normalisation. Due to the repeatability of elemental analyses, H/C 
values are recorded to the nearest 0.05 and 0/C values are recorded to 
the nearest 0.01 in the present study.
Maturation trends converge toward the origin on H/C— 0/C plots and some 
workers have attempted to account for these effects by adding isorank 
lines on their diagrams (e.g. Dow, 1977; Durand and Monin, 1980). The 
isopleths have limitations however where H/C and 0/C values vary for a 
specific type of organic matter at the same rank. Trends of maceral 
types have been indicated on van Krevelen diagrams by Saxby (1976), 
Dow (1977) and van Krevelen (1984); trends of oil yields have been 
shown by Saxby (1980a), Orr (1983) and Saxby and Shibaoka (1986). 
Both of these trends involve some approximations and represent 
generalised cases.
Ternary diagrams for C, H and O have been used for illustration of 
03rcfan -̂c elemental data for many years by workers such as Forsman and 
Hunt (1958), Forsman (1963), Long et al. (1968), Stephens (1979a; b) 
and Bustin et al♦ (1983). Simple reactions, chemical structures and 
oil potential are apparent on C— H— O diagrams, as for H/C— 0/C plots. 
The ternary plots however are not as well documented as van Krevelen 
diagrams. Carbon has more discriminatory power in C— H— O plots than 
in H/C— 0/C plots but N and S information is lost in both. In the 
ternary computational program used in the present study (Appendix 12; 
after Stephens, 1979a, b), the differences in characteristics between N 
and S are partly accommodated by substitution with their valence 
equivalents. Rather than simply normalising C, H and O to 100%, they
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are initially normalised to an empirical formula of C H O  n iq
100 x y'
subsequently added equally to C and H, S is added to O and they are
then renormalised to 100% for plotting. These substitutions are based
on the similarities in roles of the elements in structures and
reactions (e.g. SH groups are similar to OH groups; Stephens, 1979b).
Because of the small amounts of S and N in samples of the present
study, the effects of this substitution are minor; the largest change
in empirical formula is from C _  H O to C H O .100 171 21 100 168 22
van Krevelen and C— H— O diagrams may be used for convenient, efficient 
and meaningful representations of elemental data. They have 
limitations however, some of which are alleviated by the use of 
multivariate statistical methods.
8-3c Basic Pyrolysis Variates
The raw pyrolysis data, which is in the form of a 'pyrogram', comprises 
responses from an FID, a TCD and a thermocouple. The readings are 
monitored over the period of programmed heating and pyrolysis. The FID 
responses, which comprise two separate peaks, one at a lower 
temperature and one at a higher temperature, are normally recorded as 
amount of hydrocarbons. The FID and TCD responses are normalised into 
parts per thousand by weight of the rock to yield and from the
low and high temperature FID responses respectively, and S^, from the 
TCD response. Orr (1983) retained the second FID response as 
'FID-detectable C' such that presumptions on C content of the
hydrocarbons need not be considered. As mentioned above, and may 
be normalised with total organic C to yield 'hydrogen index' (HI, in 
mg of HC/g of organic C) and 'oxygen index' (01, in mg of C02/g of 
organic C) respectively. Tmax is determined directly from the pyrogram 
as the temperature that coincides with the S2 peak and 'productivity 
index' is calculated as S /S +S2.
The most common graphical representations of pyrolysis data are HI 01 
plots. Because HI is partially related to H/C and 01 is partially
related to O/C, these scattergrams are commonly considered to be 
analogous to H/C- -0/C plots and are used for characterisation of
organic matter (e.g. Tissot and Welte, 1978; 1984; Tissot and
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Vandenbroucke, 1983; Kalkreuth and McCauley, 1984; Hartman-Stroup,
1987). Although the relationships between these two types of diagrams 
are tenuous in many instances (see section 8.4, Teichmtiller and Durand, 
1983 and Peters, 1986) and although they suffer the limitations of 
other binary diagrams used for multivariate data, they may provide some 
preliminary elucidation of the organic geochemical characterisation of 
oil shales.
8.3d Statistical Analyses 
8.3d i introduction
Through quantification of interrelationships of variates and of 
associations among sampled items or groups, statistical analyses enable 
clarification of the patterns of variation in data sets. Because of 
the wide spectrum of objectives in the present study and because of the 
complexity of the organic geochemical and other petrological data, a 
battery of statistical procedures is required to reveal the various 
types of structure and present them in simplified forms. The 
generalised strategy for statistical analyses of the present work is 
presented in Table 36.
Although multivariate analyses are required to reveal relationships in 
a data set that involves several variables, univariate and bivariate 
procedures are prerequisites. These basic methods enable preliminary 
conceptualisations of the basic data structure and allow some 
assessments on the validity of more sophisticated techniques. Some of 
the univariate and bivariate analyses are discussed in section 8.2c and 
those relevant to the multivariate analyses are given in the results of 
multivariate analyses. Because the basic methods mostly employ 
standard procedures, further descriptions are not given in the current 
study.
The major objective of the multivariate analyses is to reveal simple, 
meaningful patterns in the data. This is mainly accomplished by 
derivation of canonical variates that account for the variance of the 
measured variables and give an efficient statement of the information.
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Through simplification and condensation of correlational matrices by 
grouping variables that interact, R-mode principal components analysis 
(PCA) may allow clarification of underlying sources of variation; 
variables that behave similarly are probably affected by similar 
processes. By reducing dimensionality of the variates, PCA circumvents 
some problems of multicollinearity and aids in conceptualisation and 
graphic representation of the data. In the present study, PCA is used 
mainly as an exploratory tool and for descriptive purposes. All 
variables used in PCA are predictors (independent variables) and they 
must be at least interval scale.
Discriminant function analysis (DFA) is similar to PCA because 
composite variables are constructed from linear combinations of 
interval scale variates but it differs because the composites are based 
on a nominal level criterion that distinguishes categories. In the 
current study, the composites are constructed such that the 
petrological groups are as statistically differentiated as possible. 
This enables assessment of the degree to which this type of 
discrimination is possible and allows determination of the differences 
in geochemical variability between the groups.
Cluster analysis (CA) arranges items into a hierarchical classification 
scheme, such that cases in each category resemble each other more than 
they resemble cases in other categories. Through employment of this 
technique, a classification system based solely on geochemical 
information is developed for oil shales.
Results of multiple regression analyses are not presented in the 
current work mainly because of the lack of appropriate criterion 
variables in sufficiently large, normally-distributed data sets and 
because of the redundancy with other multivariate techniques.
Because of the limitations of the data, especially with regard to the 
number of cases, the multivariate analyses are mainly judged on its 
performance for the specific data sets rather than on theoretical 
grounds and statistical measures. Insights into the stability of 
solutions are ascertained by cross-validation, which involves 
comparisons of the results of analyses for subsets of the data with
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each other or with that of the whole data set. These 'replicate' 
analyses enable partial assessment of the effects of sample-specific 
covariation; this covariation causes a solution on one sample set to 
not apply to the same extent on another set.
8.3d ii principal components analysis
Principal components analysis involves determination of composites, 
such that each successively accounts for a maximum amount of variance 
and such that each is uncorrelated with previously extracted 
composites. These eigenvectors of the var— covar matrix are termed 
principal components (PCs) and they are standardised in SPSS analyses.
By providing descriptions of PCs in terms of the variables, PCA yields
information on multivariate interrelationships and the ranks (number of
independent vectors) of data matrices. The mathematical model, on
which PCA is based, is represented as, z = a„c + a^c^ + ..... + a c ,1 1  2 2 n n
where z is a standardised score on a variable, the 'a's are component 
loadings (analogous to regression coefficients) and the 'c's are the 
component scores. Because the scores are standardised and the 
components are orthogonal, the loadings are the correlation 
coefficients between the variable and the component; squared loadings 
are the amount of variance accounted by the component.
The first principal component (PCI) has the maximum sum of squared
correlations with the variables and is therefore a generalised
representation of all variables. The other PCs generally also have
considerable loadings on more than one variable and therefore
difficulties may exist in interpretation. The components may be
rotated such that the numbers of high and low loadings are maximised.
The structure of the rotated factor matrix (matrix of loadings) is
therefore simplified and more meaningful than that of the basic matrix.
The total variance accounted by the components (i.e. sum of the
eigenvalues) and the amount of accounted variance of each variable 
. 2 .(communality; h ) remains unchanged after rotation. The rotation may 
be orthogonal, which involves uncorrelated PCs or may be oblique, which 
involves the possibility of correlated PCs. 'Varimax' rotation is the 
most generally accepted form of orthogonal rotation (Nie et al. . 1975;
278
Tabachnick and Fidell, 1983) and operates by minimising the number of 
variables that have high loadings on each factor.
The scores of individual items on the PCs are determined by regression 
. . x ,techniques m  SPSS procedures: 'pcs' = a x  + a,x + .....  + a x1 1  2 2 n n
where 'pcs' is the PC score, the 'a's are the factor score coefficients 
and the 'x's are the variable scores. A plot of scores on the first 
two PCs represents the highest possible density of information in two 
dimensions. Because PC scores are uncorrelated, interpretations of the 
scores and of subsequent statistical analyses that employ the scores 
may be facilitated.
Similar to other statistical procedures, PCA has some constraints. As 
mentioned in section 8.2c, multicollinearity is a major limitation on 
most multivariate procedures but because PCA accumulates 
interdependencies into the composites, high correlations are desired 
rather than disdained. Intervariable correlations greater than about 
0.3 are generally required for a successful PCA (Tabachnick and Fidell, 
1983). If the analyses are used only to describe relationships in a 
specified data set as in the present study, limitations on normality 
and on the number of cases are not critical. The other constraints on 
correlation matrices (section 8.2c) are however relevant to PCA.
Various criteria may indicate the quality of PCA. A successful 
analysis is characterised by high communalities, a few meaningful PCs 
that account for most variance and a 'reproduced correlation matrix of 
variables' similar to the original; the reproduced matrix is
constructed from correlations of variables with the PCs. A successful 
rotation is characterised by a factor matrix that contains only high 
loadings and near zero loadings; each variable loads on mainly one PC. 
Cross-validation analyses and comparisons of results from different 
types of extraction and rotation yield insights into the stabilities of
solutions.
Interpretations of the PCs and of relationships between variables are 
mainly made from the matrix of factor loadings and the plots of 
variables in 'PC space'. Only loadings greater than 0.3 (i.e. at least 
9% of the variance is accounted for) are generally considered
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meaningful for PC interpretation (Tabachnick and Fidell, 1983) and 
therefore only these loadings are presented in the analyses of the 
current study. Principal component plots of sampled items that have 
known characteristics provide additional elucidation of the PCs. In 
some studies, PCs are considered as underlying processes and are 
categorised accordingly. As shown in section 8.1, the factors that 
control the composition of organic matter are highly complex and 
therefore labelling of the PCs with specific processes may be tenuous.
For studies that involve assumptions of a limited number of underlying 
controls, social scientists have developed a method of extracting only 
composites that contain shared variation. These canonical variates are 
termed 'common factors'. In the present geochemical study, designation 
of these factors would be arbitrary and highly speculative. In 
psychometric studies, the variance not in the common factors is assumed 
to originate from measurement error and is termed the unique factor. 
If this error is considerable, as in many psychological studies, it can 
be separated through factor analysis. If the error is a minor 
contribution, as in most geochemical studies, PCA is more appropriate. 
Because the 'unique' variance is omitted, factor analysis is based on a 
'reduced' correlation matrix which involves replacement of the diagonal 
elements with estimates of communalities (shared variance). The 
communalities depend on the number of factors extracted and therefore 
subjectivity is introduced. Because only common variation is included 
in factor analysis, factor scores are estimates rather than exact. 
Other limitations of factor scores are that they may have inherent 
correlations (Tabachnick and Fidell, 1983) and that they depend on the 
type of factor extraction used. In the present study, PCA is favoured 
over factor analyses because no a priori assumptions need to be made on 
the underlying structure; PCA offers a unique, simpler, more objective 
solution and is more tolerant of poorly distributed and multicollinear 
variables. Some factor extractions are presented however, simply for 
comparative purposes.
For Q—mode analyses, clustering techniques are commonly regarded to 
yield more valid results than factor analyses and PCA (Tabachnick and 
Fidell, 1983). Cluster analysis assigns sampled items into groups 
based on a correlation matrix (see below), whereas PCA and factor
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analysis divides variation into composites. The extracted PCs/factors 
represent statistical amalgamations of the sampled cases and they can 
be used as 'end members' to describe the other items. In the current 
study, the consideration of organic matter as mixtures of these 
composites is obscure because the composites do not correspond to any 
observation and themselves mostly represent mixtures of macerals. For 
example, the first PC would represent an average composition of all 
items and the observations would be characterised according to this 
average. This rationale is not consistent with objectives of the
present work.
8.3d ill cluster analysis
Q-mode cluster analysis (CA) is a statistical technique that involves 
grouping of cases based on measures of similarity. The method of SPSSX 
is an agglomerative, hierarchical technique. Initially, the two most 
similar cases are linked to form the first group and subsequent cases 
are either joined to the first group or they form other groups, to 
which other cases may be linked.
Two basic types of similarity coefficients are available in the SPSS
package: 'distance' and 'pattern'. Measures of distance represent
similarities in absolute values of the variables whereas measures of
pattern represent similarities in ratios of the variables. In the
present study, selection of the type of coefficient used for clustering
is largely based on performance of the analyses. The performance is
judged mainly from dendrograms (plots of groups linked at the
appropriate similarity levels). In the current work, 'Euclid' and
'cosine' measures generally yield the most meaningful results. The
Euclidean distance is the square root of the sum of squared differences
between all variables for the cases and may be expressed as
[$(x - y j]1/2, where 'x' represents the variables on one case and 'y'i i i
represents variables on another case. The cosine 'pattern' coefficient 
is related to the angular relationship between plotted cases and is 
expressed as ^ ( x ^ )  / [^(x2) For standardised scores, the
cosine and Pearson product moment coefficients are equivalent and are 
related to Euclidean coefficients.
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Various criteria are available for the formation of groups. In the 
current study, the criterion for similarity between clusters is the 
average similarity between all pairs of cases. This method, which is 
termed 'unweighted pair group method using arithmetic averages', 
utilises information on all cases. A limitation of this method is that 
late entries into a cluster have minor influence on subsequent 
similarity measures because of the effects of averaging.
Q-mode cluster analysis is not constrained by closed data systems. 
Uncorrelated, normally distributed variables however enhance 
determination of similarity measures and therefore improve CA solutions 
(Parks, 1966; Jaquet et al., 1975). Because the solutions are not 
extrapolated to other data, the number of items is not a major 
limitation on the CA of the present study.
In the current work, the quality of analyses and number of clusters 
designated are largely judged from the dendrograms. Consideration is 
given to well-differentiated geochemical groups and their relationship 
to petrological classification.
8.3d iv discriminant function analysis
Discriminant function analysis (DFA) comprises three major aspects: 
preliminary statistical analysis, function analysis (including variable 
selection and function extraction) and classification of cases.
In the initial statistical analysis, the interrelationships of the
variables within each group are averaged over all groups in the 'pooled
within-groups correlation matrix'. This matrix is determined by
averaging together all of the individual correlation matrices for the
groups. Preliminary insights into group differences for each variable
are indicated by individual group means, standard deviations, Wilks'
lambda (lambda = SS /SS where SS is the sum of squared
differences between each value within a group and the group mean and
SS  ̂ . is the total sum of squared differences between all values and total
the grand mean) and univariate F-tests (F = mean SS /meanbetween
SS  ̂  ̂ where SSfc,etWeen sum squared differences between
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group means and the grand mean; the null hypothesis is equivalence of 
group means).
In the present study, functions are derived from stepwise variable 
selection. This procedure combines features of forward selection, 
which involves the addition of variables according to a selection
criterion, and backward elimination, which involves removal of
2variables. Maximisation of the 'Mahalanobis' distance (D ), which is a
generalised measure of distance between two groups, is used as the
variable selection criterion. The significances are determined from




2 2 for the formula for D and other details). After determination of D
between all pairs of groups, the variable that has the greatest D
between the two closest groups is included if it is greater than the
entry criterion; in the current study, the entry criterion is retained
as the default (F = 1.0). The Mahalanobis distances are then
reevaluated for all variables not included in the function and the one
2that has the greatest acceptable D between the two closest groups is 
entered; the first variable entered is reassessed and if it meets 
removal criterion (F = 1.0) it is removed. This process continues
until the number of steps is twice the number of predictor variables or 
until no variable meets the entry or removal criterion.
Canonical variates are extracted such that the predetermined groups are 
maximally differentiated. The coefficients of the first function are 
determined such that S S ^ ^ / S S ^ thin (the eigenvalue) for the DP 
scores is at a maximum. Succeeding functions are orthogonal to the 
first one and have progressively lower eigenvalues. The DF scores are
calculated according to, d = c^x^ + C2X2 + .....  + CnXn + Co where ^
is the standardised DF score, the 'x's are scores on the variables and 
the 'c's are the coefficients; cq is a constant. The maximum number 
of functions extracted is one less than the number of variables or 
groups, whichever is the less.
A case is classified into the most likely group that would produce the 
DF score, in SPSS51, the technique for this is based on Bayes' Rule: 
P(G,|d ) = P < d |g . )P(G.) / < P ( D | g  )PG ) where P(G |d ) is the probability of 
a case that has a DF score of D being a member of group i (G^, P(D|Gi>
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is the probability of a case from having a DF score of D and P(G^) 
is the probability of any case being a member of G.. In the present 
study, P(G.) is retained as the default, which specifies that the 
probability of membership in each group is equal. A case is classified 
into the group that has the largest P(G |D). All DFs are considered 
simultaneously for multigroup analyses. The combinations of DF scores 
that result in the classification may be designated on DF plots as 
'territorial maps'.
Because of the procedures involved in DFA, especially the 
classification stage which employs probabilities and significance 
tests, DFA has limitations additional to those of other procedures and 
constraints on the data are generally more critical. Equivalency of 
var— covar matrices for each group is important to classification 
procedures because cases tend to be designated into groups that have 
the greatest dispersion. Discriminant functions however perform 
adequately if the covariances are slightly dissimilar and sample sizes 
are small (Wahl and Kronmal, 1977, cited in Norusis, 1985). The number 
of cases in each group provides another complication to classification. 
For example, if one group is much smaller than the other groups, every 
case in the group could be misclassified and the overall correct 
classification rate would be high. Other important considerations for 
judgement of the accuracy of classification are the expected correct 
classification by chance alone (P(G )) and that the functions yield a 
more accurate classification of the sample set from which they are 
derived than of other sample sets or the population.
Discriminant functions derived from stepwise procedures may be affected 
by the number of cases and sample specific covariation as well as 
unequal var— covar matrices. If the var— covar matrices are 
heterogeneous, significance tests are adversely affected. Where the 
number of cases is small for any group, variables may be selected 
according to trivial sample characteristics and the analysis will yield 
an artificially good fit. The problems of unrealistically high correct 
classification rates due to sample specific covariation may be 
alleviated by cross-validation. Because cross-validation does not make 
optimum use of the data, analyses of the total data sets as well as the 
subsets are presented in the current work. The stepwise algorithm in
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SPSS protects against multicollinearity by not allowing variables that 
have a low tolerance to be entered into the solution. In the present 
study, the default tolerance level (T) is retained at 0.001, (T=l-R2).
Similar to other statistical methods, DFA is based on assumptions of 
normality and linearity. The programme in SPSSX is robust to 
violations of multivariate normality due to skewness but is highly 
sensitive to outliers, especially where the number of cases is small. 
If linearity or other assumptions are violated, the discriminating 
powers of the functions are reduced and the number of
misclassifications are increased. Where the violations are not severe, 
DFA gives valuable information on the data set studied but the 
limitations should be considered for evaluation of the solution.
The effectiveness of discrimination by the functions may be assessed
from statistics of the DF scores. Large eigenvalues, small Wilks'
2lambda values, large eta values (SS, /SS , ) and largebetween total
canonical correlations (correlations of DF scores with the groups) all 
indicate effective discrimination. A high quality of analysis is also 
indicated by high percentages of correctly classified cases and by 
scientifically and statistically meaningful territorial maps.
DF plots and structure matrices enable interpretations on the meaning 
of DFs. Structure matrices comprise pooled, within-group correlations 
between variables and DFs; they provide similar information as PC 
loading matrices. Standardised DF coefficients allow evaluation of the 
contributions of the predictors to discrimination. Statistics of the 
stepwise procedures, in conjunction with univariate statistics and 
structure matrices, also enable assessments of the contributions of 





The data sets of the present study all include analyses from the 
literature as well as from original work. Names and descriptions of 
the sets are given in Table 37 and the data are given in Appendices 
13-20. These data sets are the bases for univariate, bivariate and 
multivariate statistical analyses and subsequent interpretations. The 
oil shales are divided into generic 'deposit types' where petrographic 
control is not available and into 'oil shale types' according to 
maceral composition where petrographic data are available (Table 37).
8.4b Univariate Analyses
8.4b i elemental data
On an atomic basis, organic matter in the oil shales is generally 
characterised by H>C»0>N>S. The amount of variation in elements 
follows a similar hierarchy: H>C~0>N>S. The frequencies of O, N and S 
are concentrated at the lower part of their range (Appendix 6.0).
The frequency distributions of atomic H/C values and atomic percentages 
of C, H, O, N and S are divided according to deposit type in Figure 27. 
These plots represent the main data set of elemental analyses ('CHONS') 
and include outliers. The degrees of variation and amounts of the 
elements vary according to deposit type. Most samples have low 
maturities but the torbanites have ranks higher than the average. The 
suite of lacosites is the largest and one of the most heterogeneous 
sample sets of the oil shales; consequently the variation of most 
elements is higher in the lacosite group than in the other groups.
Organic matter from the kukersite, lacosite, tasmanite and torbanite 
deposits normally has similar H/C values, all of which are generally 
higher than those of organic matter from the cannel and bitosite 
deposits.
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The C contents of cases from the cannel, bitosite and torbanite 
deposits are generally greater than the mean C value for all cases, 
whereas the Holocene and miscellaneous organic matter (HOM) are 
characterised by anomalously low C values. The other groups each have 
mean C contents similar to the overall average. The kukersite, cannel 
and tasmanite groups have few cases and little variation in organic C 
percentages.
The H values for the cannels, bitosites and HOM are generally less than 
the overall H mean and those for the tasmanites and torbanites are 
generally greater than the overall mean. Variability of H is small for 
the cannel, bitosite (not including the outlier) and tasmanite cases 
and is large for the lacosite and HOM cases.
The cannels, kukersites and HOM are characterised by high O values 
relative to the other groups; the tasmanites, torbanites, bitumens and 
oils generally have lower 0 contents than the overall O mean. 
Variation in O is low for the bitosites, kukersites and bitumens.
The amounts of N are small for all deposit types except the HOM. 
Nitrogen contents of the oils and the cases from the cannel, kukersite, 
tasmanite and torbanite deposits are lower than the overall N average. 
Variation in N is low for all types except the HOM.
The variability of S is large for all types except the HOM and the two 
kukersite cases; the maximum S value for all types is only 2.4%. 
Organic matter that has large S contents, such as some analysed by 
Simoneit and Steurmer (1982), which contain up to 16% by weight, and 
some analysed by Saxby (1986), which contain up to 10% by weight, is 
not represented in the data set. The S contents of organic matter from 
the cannel and bitosite deposits are normally greater than the overall 
mean. Durand and Monin (1980) stated that S/C values of type II 
kerogen' (bitosite paradigm) are higher than those of the other types; 
Ozimic and Saxby (1983) suggested that Toolebuc Formation oil shales 
generally have more organic S than other oil shales. In the present 
study, S contents of the torbanites and bitumens are generally less 
than the overall mean.
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These general statistics indicate that deposit type has considerable 
influence over elemental composition of the macérais in oil shales. 
Much of the variation between groups exists in C, H and 0 and therefore 
these are potentially important discriminating variables but 
information on N and S in conjunction with that on C, H and O may aid 
in distinguishing groups. Additional univariate statistics, along with 
analyses of the relationships between variables and groups and 
interpretations on the importance of variables for discrimination are 
presented in section 8.4d on DFA.
Frequency distributions of log contrasts of the atomic percentage data 
are divided according to deposit type in Figure 28. Relationships 
between the transformed variates and deposit types are generally 
similar to those for the atomic percentage data. The trend of C 
abundances across the groups is reversed however in the LC C data; 
most notably, the transformed values are increased in the oils, 
kukersites and tasmanites. Another major effect of this transformation 
is alteration of the distributions and relative variance of some of the 
data within the types (Figure 28). Variation in N and S are the most 
affected because the transformation yields large negative values for 
small percentage values.
In Figure 29, the distributions of atomic percentage data for retort 
oils are divided according to deposit type of organic matter sources. 
Although the numbers of items in most groups are limited, some 
differences in oil compositions between the groups are apparent. The 
relevance of these differences to other data sets is questionable.
The C contents of the retort oils are similar except that oils from the 
bitosites and the oil from the tasmanite contain larger amounts than 
the others. Similar to the data on the parent organic matter, H and 
H/C values are generally higher for the oils from the lacosite and 
torbanite deposits than for those from the other deposits. The data 
sets differ however because the H and H/C values of the tasmanite oil 
are lower than the averages for the lacosite and torbanite oils. The 
amounts of O in the oils are low for most cases but the oils retorted 
from the cannels generally are distinctive because of their high 0
contents.
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Nitrogen contents of oils from the cannel and torbanite deposits are 
lower than those from the lacosite, bitosite and tasmanite deposits. 
Sulphur contents of the oils from the bitosite and tasmanite deposits 
are generally higher than those from lacosite, cannel and torbanite 
deposits. Orr (1986) stated that oils from the Monterey bitosite 
deposit have high contents of S.
Because of the profound effects of mixed maceral assemblages on 
elemental composition, the 'deposit types' are subdivided into 
additional groups in the 'CHONSPET' data set, which has petrographic 
control. These groups ('oil shale types') are largely based on 
petrographic compositions but consideration is given to organic 
geochemistry (see Chapter 9 for details of this classification scheme). 
Numerous oil shale types are distinguished and most groups have few 
cases. The petrographic control and limited number of items leads to 
less overlap of elemental values between groups than for the data 
divided according to deposit type. The average composition of all 
items in 'CHONSPET' is similar to that for the large 'CHONS' data set.
Atomic H/C values vary considerably between the oil shale types 
(Figure 30). Cases dominated by organic matter derived from 
higher-plants, of which vitrinite is most notable, and cases dominated 
by bituminite have lower H/C values than those dominated by alginite. 
Organic matter that contains mixtures of these macerals have 
intermediate H/C values.
With few exceptions, the trends of C and H are inversely related across 
oil shale groupings. Hydrogen values generally increase progressively 
from the liptinite-rich humic coals, to the coaly cannels and lacositic 
shales, to the torbanitic coal and bitosites, to the bitomarosites, 
coaly lacosites and weathered lacosite, to the weathered torbanite, 
kukersite, lacosites, tasmanite and torbanite, to the bitumen and 
finally to the oils. The H is highly variable in the two lacositic 
shales probably because of the presence of telalginite in the case that 
has large H contents. The reverse hierarchy applies to the C values 
except that the torbanitic coal has the highest C content.
Similar trends apply to O values and C values except that the 
torbanitic coal, bitosites and bitomarosites all have low rather than
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intermediate O contents and the weathered lacosite and kukersite have 
elevated O abundances. The considerable variation in O for the 
torbanites is largely caused by sample 11.2, which is torbanite from 
the Duaringa lacosite deposit in Queensland, Australia. This sample 
contains some lamalginite and has telalginite different from that of 
the other torbanites.
Nitrogen values are low in the coaly cannels, weathered torbanite, 
kukersite and bitumen relative to the other groups and are high in the 
liptinite-rich humic coals, bitosites, bitomarosites, lacositic shale 
and coaly lacosite. In a study of maceral concentrates from the Ohio 
Shale, USA, which is a bitosite deposit, Robl et al. (1987) found that 
N contents of bituminite- and vitrinite-dominated organic matter are 
greater than those of other organic matter. Durand and Monin (1980) 
stated however that 'type I kerogen' has the highest N/C values of the 
three 'types'. Ozimic and Saxby (1983) suggested that Toolebuc 
Formation oil shales generally have more organic N than other oil 
shales.
Sulphur contents are variable and low in most oil shale types and do 
not noticeably differ between groups. For samples of the Ohio Shale, 
Robl et al. (1987) showed that S contents do not significantly vary 
between organic matter concentrates of alginite, bituminite, vitrinite 
and inertinite.
The limited data of the present study indicate that petrographic 
composition controls the elemental composition of organic matter in oil 
shales but because of the limited number of items in each group, 
complete quantification of this control cannot be made from 
multivariate statistical analyses.
Elemental compositions of retort oils of petrographically analysed oil 
shales are summarised in Figure 31. The data set is small but the mean 
composition of all samples is similar to that for the larger set of 
oils. Carbon contents are generally higher in oils from the 
bitomarosites, bitosites, coaly lacosites and tasmanites than in those 
from other types in the data set. The lowest average C contents are
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for oils from the lacosites and coaly cannels. Similar to H contents 
in the maceral sources, the H values generally increase progressively 
for cases from the coaly and bituminite-rich sources to the cases from 
alginite-rich sources, although the trend is not as clearly defined and 
some exceptions exist. Oxygen contents are higher in oils from the 
liptinite-rich humic coal, coaly cannel and a lacosite than in those 
from the other types. The O contents are generally low for oils from 
all types. Oils from the liptinite-rich humic coal, coaly cannel, 
tasmanite and torbanite contain less N than the oils from the other 
types, all of which have similar average values. Unlike the trends of 
the other data sets, S in the retort oils varies considerably between 
oil shale types; the oils from most bitosites and the tasmanite are 
characterised by higher than average S contents.
These summary univariate statistics indicate that elemental 
compositions of oils vary between the parent oil shale types but 
inferences cannot be made to retort oils in general because of the 
limited number of cases studied.
8.4b ii pyrolysis data
Univariate plots of the main pyrolysis data set ('PYROL') are divided 
according to deposit type in Figure 32. These plots indicate that some 
of the variation in the Rock-Eval data may be accounted by differences 
in deposit type.
The T values are similar for all cases except two cannels, which max
have low values, and the torbanites, which have high values. Tissot
and Vandenbroucke (1983) however found that a Green River Formation
lacosite has a T of 475° C, which is higher than any values inmax
'PYROL'. From a study of 22 samples from lacosite deposits and 60
samples from bitosite deposits, Dyni et_aĵ _ (1990) found that the
lacosites have a higher average T ^ value. In the present study, 
values are low for all cases except two cannels. The torbanites, 
kukersite and one of the cannels from Yallourn in Victoria, Australia 
have the highest S2 values whereas the bitosites have the lowest. The 
other cannels and the lacosites generally have moderate, variable S2 
values. The values are consistently low for samples from all
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deposit types except for one Yallourn cannel, which has an anomalously 
high S^. This high value probably is partly due to low rank and 
abundant vitrinite. Total organic C contents are highly variable but 
much of the variability is within the groups. The TOC values generally 
are higher for the cannels, kukersite, tasmanite and two of the
torbanites than for the bitosites and lacosites.
The effects of organic matter concentration on S , and may be
mostly accommodated by division by TOC values. Because of the
generally low amounts of S , the plots of THI ([S^ + S2]100/TOC) and HI 
( [ ] 100/TOC) have similar distributions. For any group that contains 
more than one case, both of these indices are highly variable. The
kukersite has HI and THI values in the upper range for the data set.
The 01 is low for most cases of all groups although the average value 
for cannels is higher than those for the other groups. Dyni et al. 
(1990) found that a kukersite and three tasmanites have higher average 
HI values than some samples from lacosite deposits have. In their 
study, the samples from lacosite deposits have a higher average HI than 
samples from bitosite and cannel deposits have. The samples from the 
lacosite deposits have the highest 01 values whereas the tasmanites 
have the lowest.
Thirteen cases have results from petrographic, elemental and pyrolysis
analyses ('PYROLPETCHONS'; Figure 33). The T values are lowest formax
the coaly cannel and highest for the lacosites; the liptinite-rich 
humic coal, bitomarosite, coaly lacosites and kukersite have moderate 
values. With exclusion of the coaly cannel, is low for all of the 
oil shale types. The kukersite has the highest S^, a lacosite and the 
liptinite-rich humic coal have the lowest and the others have moderate 
values. The highest determinations are for the kukersite and one of 
the coaly lacosites; the other types generally have low to moderate 
values. Similar to the larger pyrolysis data set, TOC contents are 
highly variable in the lacosite group and the kukersite has a high 
content. In 'PYROLPETCHONS', TOC contents are lower in the coaly 
cannel, liptinite-rich humic coal and the marosite than in the other 
types. The THI and HI values are highest for the marosite and
kukersite. The lacosites have highly variable values and the other
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rocks have moderate indices. The value of 01 is highest for the coaly 
cannel and is moderate for the other groups.
From the limited R—E data in the present study/ none of the variates 
appear to be adequate for distinguishing groups. This is largely 
because many the variables depend on oil shale grade as well as on 
organic matter type. Where variates are normalised to an organic C 
basis/ large variations of the indices remain within oil shale types.
Although many of the sample sets are small, the univariate analyses of 
the present study generally indicate that organic petrographic 
composition influences organic geochemical composition. Bivariate and 
ternary methods however yield more information and more parsimonious 
representations of the data.
8.4c Bivariate and Ternary Analyses
8.4c i relationships in elemental data
Bivariate analyses of multivariate data sets provide simple, 
two-dimensional representations of the data and yield preliminary 
information on variable and case relationships .
relationships of variables
For small data sets, bivariate analysis is the only feasible 
statistical method but as mentioned in section 8.3b, induced
correlations are major constraints. In the present study, only 
statistically significant correlations at a maximum probability level 
of 5% are given and discussed but most of these are significant at 1 %. 
The term 'significantly' as used in the current work, refers to the 5% 
probability level. Violation of some assumptions on which significance 
tests are based exists in some data sets. The significances of r 
values therefore are commonly approximate and only moderately strong 
correlations are worthy of interpretation.
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The major correlations between atomic percentage variates for the 
organic matter and retort oils are negative ones between C and H, H and 
0 and to a lesser extent, H and N (Appendices 7.0, 7.1 and 7.3). A 
significant negative correlation exists between C and N in the 'CHONS' 
data set whereas a significant positive correlation exists in the 
'CHONSPET' and 'CHONSOILS' sets. These differences are caused by 
effects of the additional sampled population of Holocene organic matter 
in the 'CHONS' data set. The only other noteworthy positive 
correlations for any of these data sets are between O and N in 'CHONS' 
and 'CHONSPET' and C and S in 'CHONSOILS'.
As mentioned in section 8.2c, the lack of normality of the variates in 
the 'CHONS' data set cause the correlations to be different from those 
that would result from normally distributed data. Limitations related 
to heteroscedasticity cause the H— O, O— S and all N correlations to be 
slightly underestimated. All of the atomic percentage correlations are 
subject to the constant-sum constraint; most notably, the negative 
correlation between C and H is induced.
Correlations between the LC transforms (Appendix 7.3) however give some 
perceptions of relationships free of induced correlations due to 
closure and are therefore, in part, more scientifically meaningful. 
The strongest correlation exists as a positive one between LC C and 
LC H; LC O and LC N are not significantly correlated and all other 
correlations are weak to moderate negative ones. Carbon and H 
therefore apparently have similar controls; O and S increase partly at 
the expense of C and H and each other. Nitrogen behaves independently 
of most variables.
subcompositions: H/C— O/C and C— H— O diagrams
Because of the dominance of C, H and O, they are commonly used as a 
subcomposition to represent elemental characteristics of organic 
matter. About 99% of the variance of atomic percentages of all the 
elements is captured by this subcomposition. This percentage is 
determined as, %var = [trace of the C— H— O covar matrix - .3(sum of 
all elements of the C— H— O covar matrix) ]/(trace of C— H— O— N— S 
covar matrix), where the trace is the sum of diagonal elements.
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The relevance of this high percentage however is questionable where 
applied to closed data (Aitchison, 1984b). The subcomposition of LC C, 
LC H and LC O only accounts for about 40% of the variance relative to 
the geometric mean. The LC N and LC S values are more important with 
regard to relative variance than LC C and LC H partly because of the 
emphasis placed on nil/trace amounts.
Elemental subcompositions of the large data set are divided according 
to deposit type in the H/C— O/C diagrams of Figure 34. Organic matter 
from the cannel deposits is generally characterised by higher O/C and 
lower H/C values than macerals of the other types. The cannel that has 
the lowest O/C is a sporinite concentrate, which has less than 10% 
'vitrinite + inertinite'.
The cases from bitosite deposits generally have lower O/C values and 
higher H/C values than the cannel cases. The elevated O/C and 
decreased H/C values for some bitosites may be due to an abundance of 
bituminite and micrinite and a paucity of lamalginite. Because 
petrographic control is lacking for this sample suite, this cause 
cannot be demonstrated. The bitosites cases that have low H/C and O/C 
values are all from the Toarcian sequence of the Paris Basin (data from 
Tissot and Welte, 1978) and probably are mature.
Data on organic matter from the lacosite deposits have a wide scatter 
over the van Krevelen diagram but high H/C values and moderate O/C 
values are most common. Most cases that have very low O/C values 
(i.e. <0.04) are from the Green River Formation and probably contain 
bitumen. Cases that have low H/C and O/C values are also mostly from 
the Green River Formation and probably are high rank. The high O/C and 
low H/C values of lacosite cases that plot proximal to the cannel cases 
may be caused by the presence of considerable amounts of 
vitrinite/inertinite and the low rank; these cases are all from 
Queensland deposits.
Organic matter from the torbanite, tasmanite and kukersite deposits all 
plot within the high H/C part of the lacosite field. The torbanite 
cases plot within the low O/C part of the field; those in the upper
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part of this range probably contain more vitrinite/inertinite than the 
others and the case with the lowest H/C value is probably a high-rank 
analogue of one of these. The high 0/C section of the torbanite field 
overlaps with the tasmanite distribution, although one tasmanite, which 
probably contains little or no bituminite and micrinite, has a very low 
0/C value. The kukersite cases plot in a field that has higher 0/C 
values than the tasmanite cases.
The three bitumens have variable H/C values but all are characterised 
by low O/C values. The bitumens that have high H/C values plot within 
the field of oils. The oils all have high H/C values and variable O/C 
values.
On the basis of the van Krevelen plots, some deposit types can be 
distinguished but considerable overlap and large variations in H/C and 
0/C values exist for each type. Much of this variation is caused by 
differences in maceral composition and maturation within the deposits.
Subdivision of deposit types into oil shale types provides further 
cognition of organic geochemical characteristics of oil shales 
(Figure 35). Some overlap remains between oil shale types plotted on 
an H/C— 0/C diagram mainly because the petrographic subdivisions are 
based on sharp boundaries constructed within gradations in composition 
and because of the variation in elemental composition of specific 
macerals. The petrographic control however allows delineation of 
maceral assemblages that have similar elemental compositions; no 
high-rank cases exist in the petrographically controlled data set.
The H/C— 0/C compositions are related to the petrographic compositions. 
Coaly lacosite cases, which contain 10-50% vitrinite, have lower H/C 
values than lacosite cases (sensu strictol. Lacositic shale cases, 
which have greater than 50% vitrinite, are characterised by higher O/C 
values than are the coaly lacosite cases (Figure 35). Organic matter 
from the weathered lacosite also has a high O/C value but the H/C value 
is higher than those of the coaly lacosite cases. Similarly, the 
bituminite-rich cases from bitosite deposits have lower H/C values than 
the lamalginite-rich members (bitomarosites). The coaly torbanite case 
has a lower H/C value than the torbanite cases; the torbanite case,
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which contains 2 2% lamalginite, is from a lacosite deposit and has a 
higher O/C value than the other torbanite cases. On the basis of H/C 
and O/C values, the tasmanites are difficult to differentiate from 
torbanites and the kukersite is difficult to distinguish from the 
lacosites. The kukersite and tasmanite cases however plot in the upper 
O/C range of the other types. The liptinite-rich humic coals are 
distinctive because of their low H/C and high O/C values; the two 
coaly cannels have slightly higher H/C and O/C values than the coals 
have.
Ternary C— H— O plots enable further perspectives on geochemical and 
petrological relationships. Deposit types are more distinctive in the 
ternary diagram than in the van Krevelen diagrams but this is mainly 
because of the smaller, less varied sample set used for the C— H— 0 
plot (Figure 36). The bitosites are the most clearly distinguished 
group in this diagram.
For the petrographically controlled sample set, discrimination between 
groups is more definitive in the H/C— O/C plot than in the ternary 
diagram (Figure 37). The C— H— 0 diagrams however yield some different 
information than the van Krevelen diagrams.
Some of the variation in normalised atomic percentages of C, H and 0 
are due to differences in composition of individual macerals 
(Figure 38, a plot of cases that contain more than 90% by volume of one 
maceral). Lamalginite from the lacosites has a range in composition 
that overlaps with that of bitumen and with that of telalginite from 
torbanites, kukersites and tasmanites. Bituminite is distinguished 
from the alginite macerals by its lesser contents of H and greater 
contents of C.
Variation in normalised atomic percentages of C, H and O in retort oils 
is divided in Figure 39 according to deposit type of organic matter 
sources. Oils from the two cannels vary considerably in composition 
and they are generally poorer in H than the other oils. Oils from the 
lacosites have a wide range in composition, which overlaps with those
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of oils from tasmanites, torbanites and coorongite (Holocene 
Botrvococcus algal deposit). The bitosite retort oils are distinctive 
because they plot closest to the C apex.
Atomic H/C— 0/C and ternary C— H— O diagrams provide succinct summaries 
of the major elements of organic matter in the various oil shales and 
their retort oils. Other binary plots yield information on 
relationships between specific petrographic and geochemical variables.
8.4c ii relationships between some elemental and petrographic variates
Because the 'CHONSPET' data set involves organic matter only from oil 
shales (mostly from lacosites), most petrographic variables have highly 
skewed distributions. These distributions are partly controlled by the 
definition of oil shale. Further constraints on bivariate analyses of 
elemental and petrographic variates are caused by possible confounding 
effects of variables not considered. Some preliminary information on 
data structure may be gained however from these analyses.
Figure 40 indicates a strong, positive, nonlinear correlation between 
atomic H/C and volume percentage of liptinite. The differences in 
organic matter type are designated by coding of the points according to 
oil shale type. The large range in liptinite contents for H/C values 
less than 1.4 reflects the different properties of the various 
macerals. The bitosite cases have anomalous H/C values with regard to 
liptinite abundance because bituminite, which has moderate H/C values, 
is not classified as liptinite in the present study. Powell et al. 
(1982) found a poor relationship between volume percentage of liptinite 
and atomic H/C for a suite of coals and carbonaceous shales. This poor 
correlation is largely due to variation in the chemical composition of 
the various liptinites and of the other macerals present.
Within the limited rank range of the petrographically controlled sample
set of lacosites in the present study, atomic H/C, atomic O/C and
atomic percentage of C are unrelated to maturation as indicated by
R (Figure 41a). Because only lacosites are plotted, some controlV, max
of the effects of mixed maceral assemblages on the elemental 
composition is enabled. For a suite of organic matter from shales and 
coals studied by Bostick et al. (in press), a moderate inverse
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relationship exists between atomic H/C and random vitrinite 
reflectance, which ranges from 0.35 to 0.6%. In some studies of coals 
of variable rank, Teichmtiller (1971; cited in Stach et al. . 1982), 
Waddell et al. (1978) and Bertrand (1984) found moderate, positive, 
nonlinear relationships between atomic percentages of organic C and 
vitrinite reflectance. Bertrand (1984) additionally found a moderate 
inverse relationship between vitrinite reflectance and atomic O/C.
Although liptinite itself varies in chemical composition, the presence 
of additional, minor amounts of other macerals such as O-rich vitrinite 
or inertinite may severely affect the elemental composition. A weak 
correlation exists between atomic O/C and volume percentage of 
'vitrinite + inertinite' (Figure 41b). This relationship is however 
complicated by various other factors, which include weathering, the 
presence of bituminite, type of alginite and induced correlations.
According to Figure 41b, the S contents are apparently not simply 
controlled by the amounts of liptinite. Sulphur contents are low for 
all of the samples; the range in amounts of S for liptinite contents 
of 100% is only slightly less than the total range. Most of the cases 
that have S in the upper ranges and have small amounts of liptinite 
contain abundant bituminite.
Weight percentages of pyrite are not correlated with atomic percentages 
of organic S nor with atomic percentages of organic H (Figure 41b).
8.4c iii some relationships between elemental composition of retort 
oils with elemental and maceral compositions of organic 
matter sources
For the sample set studied, atomic percentages of elements in the 
retort oils are generally related to those in the parent organic matter 
(Figure 42). The amounts of N and S in the organic matter account for 
about 50% of the N and S variance of the retort oils and the amounts of 
C and H in the organic matter account for about 40% of C and H variance 
in the oils. Oxygen concentrations in the oils are not significantly 
related to those of the organic matter.
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Similar to the H/C values of the organic matter, H/C values of the 
retort oils are partially related to liptinite percentage (Figure 42). 
Sulphur contents of the retort oils are generally low but some oils 
sourced from bituminite-rich organic matter have elevated S contents; 
this imposes a moderate negative correlation between S contents of the 
oils and liptinite contents of the organic matter sources.
Relationships between compositions of the oils and compositions of the 
organic matter sources are labelled according to oil shale type on a 
van Krevelen diagram in Figure 43. Although the differences between 
compositions of the oils with those of their respective organic sources 
are highly variable, most of the oils have increased H/C and decreased 
0/C values relative to the maceral source. Orr (1986) however found 
that oils from the Monterey Formation, which is a bitosite deposit, 
have similar H/C values to those of the organic matter but have lower 
0/C values.
Organic matter that has low H/C and high O/C values generally undergoes 
more change upon retorting than maceráis that have high H/C and low 0/C 
values. The oils therefore have less variability in H/C and 0/C than 
the parent organic matter.
The limited data on oils and their maceral sources indicate that 
different types of organic matter yield different types of oils but the 
changes during pyrolysis are generally comparable. Similar to their 
organic matter sources, the oils from bitosites and marosites form a 
distinctive group.
8.4c iv relationships between pyrolysis variates
The main pyrolysis data set ('PYROL') suffers from the same limitations 
as 'CHONSPET'; these limitations are largely caused by limited, 
nonrandom sampling of a population. Major constraints therefore exist 
on inferential interpretations but insights may be gained into the 
sample set studied. As mentioned in section 8.2c, the lack of normal 
distributions cause some alteration of correlation coefficients.
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Intuitively, most of the pyrolysis variates should represent unrelated 
aspects of oil shales; the general lack of significant correlations in 
Appendix 7.4 supports this intuition. Total organic C contents and S2 
are however, highly correlated largely because most organic matter in 
oil shales has a high potential to produce oil. The limited data 
indicate that S , S and T have no meaningful relationships with 
each other nor with S2 and TOC. This lack in relationships is partly 
due to the complicating effects of amount and type of organic matter 
and possibly to minor differences in maturity.
Although normalisation of the variates with TOC may partially
accommodate the abundance of organic matter, some complications remain.
For example, PI (S,/S.,+S_) and T are normally regarded to be largely
1 1 2  max
controlled by rank in a positive relationship (e.g. Tissot and Welte,
1984) but over the limited range of rank in the ' PYROL' data set, they
have a moderate negative correlation. This correlation is largely a
fortuitous relationship caused by two anomalous, low-rank cannels from
Yallourn, which have high S„ and low T values (Figure 44).* 1 max
The dependence of T on organic matter type is indicated by themax
T ■— HI and T — 01 plots of Figure 44. The two very low-rank max max
cannels do not however conform to this trend.
For the data of the present study, a significant relationship does not 
exist between HI and TOC. Boreham and Powell (1984; 1987) and
Hartman—Stroup (1987) however found that HI values for a specific 
organic matter type, decrease at TOC values less than about 10%; this 
is probably caused by the adsorptive capacity of mineral matrices. 
Although most cases in the present study have high TOC values, no 
systematic decrease in HI is associated with the cases that have low 
TOC values (Figure 44); the two cases that have both low HI values and 
low TOC values have abundant 'vitrinite + inertinite .
jjj— oi plot (Figure 44) summarises some aspects of the organic 
matter pyrolysis and allows some categorisation of the oil shales. 
With the exception of one of the outlier cannels, HI and OI are 
slightly, negatively correlated. The two cases from bitosite deposits 
are widely separated on the plot because the Antrim oil shale of USA is
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a marosite, which has abundant lamalginite and telalginite and 
therefore has a high HI, whereas the Toolebuc bitosite is probably 
dominated by bituminite. Most cannels plot in a field characterised by 
low HI and 01 values; the lacosite cases that plot in this field 
contain abundant 'vitrinite + inertinite'. The torbanite and kukersite 
plot in the upper part of the lacosite field and are difficult to 
differentiate from lacosites that have high HI values. According to 
these limited data, some differentiation of organic matter type is 
possible with employment of HI— 01 diagrams.
8.4c v relationships between some elemental, petrographic and 
pyrolysis variates
Some elemental, petrographic and pyrolysis variables are compared in 
Figure 45. Although the sample set is small (13 cases), some 
preliminary elucidation of possible relationships is achieved. The 
effects of variation in organic matter type and to a lesser extent 
rank, obscure some of the relationships but these variations have been 
accommodated where possible.
A moderate correlation exists between TOC and volume percentage of 
organic matter. The spread about the inferred regression line is 
probably caused by analytical error in the pyrolysis analyses, 
uncertainties in petrographic analyses and variable C content of the 
various macerals. The possible sources of error in pyrolysis analyses 
include some undetected C at low concentrations of organic matter, 
donation of C from carbonates and detection problems (see section 
8.2b). An example of an indicated analytical problem is the greater 
amount of 'pyrolysable C' than total C for case 21.0.
With the exception of one lacosite, a high positive correlation exists 
between S^+S^ an<̂  total volume percentage of 'bituminite + liptinite'. 
The values are unrelated to the amount of 'vitrinite + inertinite'.
On a mineral matter-free (MMF) basis, all cases except for one cannel 
contain mainly liptinite or bituminite or both. The THI and OI however 
are highly variable and therefore they have poor relationships with MMF
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percentages of 'exinite + bituminite' and with 'vitrinite + 
inertinite'.
According to the limited data of the present study, Rock-Eval analyses 
may yield valuable information on the oil yields of whole-rocks in 
relation to petrography but the information on the oil yields of 
organic matter in relation to petrography is obscure. Some of the 
complicating factors are the geochemistry of other organic matter 
present, rank and most importantly, analytical constraints (see 
section 8.2b) and the range in oil yield for a maceral type. Bertrand
(1984), in a study of coals, and Mukhopadhyay et al. (1985), in a study 
of various organic matter types, found poorly-defined, linear 
relationships between HI and volume percentages of liptinite.
For the limited number of oil shales of the present study, all of which
are low rank, T is not significantly correlated with rank asmax
indicated by R . The generally accepted concept that T valuesV,max maxogreater than about 430-440 C indicate maturity (e.g. Deroo et al., 
1982; McKirdy et al. , 1986; Peters, 1986; Chou et al. , 1988) does
not apply to the oil shales. From studies of coals, Bostick et al♦ 
(in press) found that random vitrinite reflectance and T are
unrelated but Teichmtlller and Durand (1983) and Bertrand (1984) found 
weak to moderate, nonlinear, positive relationships.
In the present study, a weak positive relationship exists between MMF
amounts of liptinite (where abundant) and ^ cannel that has only
about 20% liptinite has an elevated T value and does not conform to r max
this trend.
For 'PYROLPETCHONS', R is not linearly related to HI (plotted forV, max
lacosites only, in Figure 45), 01, pyrolysable C/TOC (neither plots of 
which are presented) and PI (plotted for all cases in Figure 45). This 
lack of relationships probably is largely due to the immaturity of most 
of the cases. Teichmtlller and Durand (1983), Hue et al.. (1986) and 
Boreham and Powell (1987) suggested that HI increases with rank at 
immature levels before the decreases at mature levels but Leythaeuser 
et al. (1980), Bertrand (1984), Mukhopadhyay et al,._ (1985) and Bostick 
et al. (in press) found poor or no relationships.
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Although an association is commonly made between anaerobic conditions 
and the preservation of organic matter that has large oil yields, 
positive relationships between pyrite with anci PYr:'-te with HI do 
not exist for the cases of the current study. The amounts of pyrite 
and organic matter however are affected by factors other than 
anoxicity. Nevertheless, Patterson and Dale (1988) found a positive 
correlation between pyrite content and retort yield for oil shales from 
the Kerosene Creek Seam of the Rundle lacosite deposit of Queensland, 
Australia.
Because of the differences in sample preparation and differences in 
analytical methodology between elemental and pyrolysis analyses, 
relationships between the variates from the two techniques may be 
tenuous. Various workers have found different relationships between 
elemental and pyrolysis variables. Tissot and Welte (1978; 1984), 
Peters et al♦ (1980) and Orr (1983) found strong, positive 
relationships between HI and atomic H/C for a variety of organic matter 
types; Orr (1983) suggested that O/C is also a controlling factor for 
HI. The work of Bertrand (1984) on coals, the work of Powell et al♦ 
(1989) on coals and carbonaceous shales and the present study however, 
do not indicate linear relationships between HI (or THI in the current 
work) with H/C nor with O/C (Figure 45). Any possible relationships 
may be obscured by the effects of minerals and by differences in 
analytical techniques between pyrolysis and elemental analyses.
For the data of the present study, a moderate, positive correlation 
exists between 01 and O/C. Other authors that have found moderate to 
strong, linear or near linear relationships for these variables include 
Tissot and Welte (1978; 1984), Peters et al. (1980) and Teichmtlller 
and Durand (1983). The data from Bostick et al. (in press) indicate a 
lack of correlation, which possibly is partly due to the determination 
of O by difference and to problems associated with minerals. Most data 
however indicate that the amount of CO^ detected from pyrolysis of 
organic matter is more closely related to O contents of the organic 
matter than the amount of detected hydrocarbons is to H contents.
Hydrogen index oxygen index diagrams are commonly used as analogues of 
H/C— O/C plots (e.g. Tissot and Welte, 1978; 1984). As shown in
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Figure 45, some discrepancies exist between the relative positions of 
plotted points on these two types of diagrams. The bitomarosite and 
kukersite have high THI values even though H/C values are moderate. 
The coaly lacosites and cannels are better differentiated from the 
other oil shale types in the van Krevelen diagram than in the HI— 01 
plot. The H/C— 0/C plot generally gives superior discrimination of the 
organic matter types analysed in the present study.
A strong, positive correlation exists between T and atomic H/C formax
the cases of the present study (Figure 45). From studies on
artificially matured organic matter however, Peters et al. (1980) found 
a nonlinear, inverse relationship, which involves an increase in Tmax
at an H/C of about 0.7. This H/C value commonly approximates the
boundary between 'maturity' and 'postmaturity'. The relationship
measured in the present study is mainly due to type effects, whereas
that measured by Peters et al. (1980) is mainly due to rank effects.
In the present study, T has a moderate inverse relationship with C
content because of type effects but for the coals studied by Boudou
(1984), T is positively correlated with C contents because of rankmax
effects.
The THI of the organic matter of the ' PYROLPETCHONS' data set is not 
obviously related to organic S contents (Figure 45).
Some of the binary and ternary plots offer valuable representations of 
the geochemical data. Visual divisions of these plots enable some
elucidation of the variation in geochemical characteristics according 
to petrographic types. Some information is lost however and
covariation with other variables may cause spurious correlations. 
Multivariate techniques allow more parsimonious data representation but 
for data sets that have limited numbers of cases, univariate and 
bivariate analyses are the only statistical alternatives for 
determination of variable interrelationships. For large multivariate 
data sets, bivariate analyses are preliminary to the multivariate 
analyses, which may reveal more meaningful relationships.
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8.4d Multivariate Analyses 
8.4d i principal components analyses 
elemental data
By analysing all variables simultaneously, PCA enables detection of
underlying patterns of variation via separation of independent sources 
of information. Through isolation of some of these sources, the 
remaining complex interactions may become more lucid.
As mentioned in section 8.2c, interpretations on the analyses of
covariance of closed data sets are of limited scientific interest 
because many of the correlations are induced. Nevertheless, PCA yields 
succinct data representation; the interrelationships of sampled cases 
may be indicated on plots of the PC scores.
Results of PCA of the 'CHONS' data set of atomic percentage variates
are shown in Table 38 and Figure 46. The correlation matrix for the
variables (Table 38) includes several sizable correlations and
therefore the data are amenable to PCA. The 'initial statistics',
which are presented in two adjacent tables, comprise information on the
2communalitres (h ), eigenvalues and the percentages of variance
accounted by the five, initially extracted PCs. Where the number of
2extracted PCs is the same as the number of variables, h = 1 .  Because 
the main objective of this PCA is a two-dimensional plot of scores for 
the cases, only two PCs are retained for the 'final solution'.
The 'factor matrix' contains the loadings for the two nonrotated PCs 
(Table 38; in SPSS , PCA is considered as a type of factor analysis). 
The relationships indicated on the first PC (PCI) are dominated by the 
largely induced, negative correlation between H and O.
The communalities, eigenvalues and percentages of variance accounted by
the two-PC solution are given under the 'final statistics', which
, 2 comprise two adjacent tables. In this analysis the h for C, H and O
are high but some information on N and especially on S has been lost.
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Nevertheless, unlike H/C— O/C subcompositions, some N and S information 
has been retained in the two PCs.
Further indications of the adequacy of extraction are given in the 
reproduced matrix of variable correlations. Because of the loss of S 
variance, the largest residuals are for the correlations that involve 
'SAT' (atomic percentage of S); most other correlations are adequately 
reproduced (Table 38).
As shown by the rotated factor matrix (Table 38) and the loading plot 
(Figure 46a), PCI largely represents the negative relationships between 
0 and N with H; PC2 represents the negative relationship of C and S 
with H. The weak to moderate bivariate correlations between C with S, 
and O with N are reflected as stronger relationships on the rotated 
PCs. The negative relationship of H with all elements is also 
exemplified.
Organic matter that has a high potential to yield oil plots at low 
values on PCI and PC2. The scores of cases on the two PCs are 
determined from the coefficients given in the factor score coefficient 
matrix in Figure 46a; the plot of these scores is shown in Figure 46b.
If a data set suits a rotated PCA, various extractions and rotations 
yield similar results (Tabachnick and Fidell, 1983). For the 'CHONS' 
data set, extraction by alpha, image and unweighted-least-squares 
methods (see Norusis, 1985) all yield a first factor that mainly loads 
with H and O, a second factor that mainly loads with C and third factor 
that mainly loads with N or S. The reproduced correlation matrices for 
these analyses have a maximum of 50% of the residuals greater than 
0.05. Equamax, quartimax and oblimin (oblique) rotations each yield a 
PCI that has high O, N and H loadings, a PC2 that has high C and H 
loadings and a PC3 that has a high S loading.
Cross-validations from a random sample of 125 cases, cases from only 
'CHONSPET' and only original data from the present study also indicate 
general stability of the rotated PC solution. A stable solution is 
probable however for a closed data system because some correlations are 
inherent. For all cross-validations, the first two PCs account for at
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2 2least 70% of the variance and S has the lowest h . The h is normally 
lower for the elements in the cross-validations than in the complete 
analysis; up to 70% of the residuals in the reproduced correlation 
matrices of the cross-validations are greater than 0.05. For PCA of 
all data sets, H has a moderate, negative loading on both PCs and C has 
a high, positive loading on only one PC. Nitrogen and S also 
dominantly load on only one PC, each on different ones. Minor 
differences between analyses of the 'CHONSPET' and 'original' data sets 
with that of 'CHONS' are due to the absence or rarity of Holocene 
organic matter and oils in the smaller data sets.
PCA of log-centred (LC) data (Table 39 and Figure 47) yields results
free of the constraints caused by closed data. The factor loadings are
therefore in some aspects more scientifically meaningful and
interpretations should be more useful. Because the main objectives of
this analysis are additional to data representation, more than two PCs
are retained. As shown by the 'final statistics', variability is
captured more effectively for the LC data than for the percentage data.
The first three PCs, which accommodate about 99% of the total
2variation, are retained. In the LC solution, h is high for all
variables. The first principal component mainly represents relative 
amounts of C and H (Figure 47a) and may be termed a 'hydrocarbon 
component'. The second principal component largely represents the 
amounts of S relative to N and PC3 partially represents the amounts of 
N relative to O.
Although LC S has no major bivariate correlations with the other LC 
variates, negative relationships between LC S with LC N and to a lesser 
extent with LC O are indicated on PC2. The complexity of relationships 
of LC O is indicated by the uniform distribution of its loadings across 
the three PCs.
The suite of 'Holocene and miscellaneous organic matter', with one 
exception (petroleum) is distinctive because of the high values on PC2 
and low values on PCI. The retort oils as a group have the highest 
values on the 'hydrocarbon component'. The lacosite and bitosite cases 
that have the greatest PCI scores also have the greatest PC2 scores. 
Low PCI and low PC2 scores indicate low retort yields and sulphurous
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organic matter for cannels, some bitosites, which are probably 
bituminite rich and some lacosites, which are probably coaly 
(Figure 47b). Telalginite of the kukersites is characterised by low 
PC3 scores but most other organic types have variable PC3 scores 
(Figure 47c). Differentiation of deposit types is generally poorer in 
the LC PC solution than in the atomic percentage PC solution.
The success of the LC analysis is indicated by the high percentage of
2variance accounted by the factors, high h values and the low residual 
values in the reproduced correlation matrix. Stability of the solution 
is substantiated by similar solutions from alpha and 'unweighted-least- 
squares ' extractions; other methods could not be employed because of 
singularity. A varimax rotation of two retained PCs yield factors very 
similar to the first two of the nonrotated solution.
PCA of a random cross-validation set of 125 cases yields PCs that
2account for similar amounts of variability (high h values and low
residuals) and have similar loadings as the PCA of the total data set.
The solutions from 'CHONSPET' and from only original data also give 
2high h values, low residuals and large percentages of explained 
variation but the factor loadings are different than for 'CHONS'. For 
these smaller data sets, PCI is more generalised than that for 'CHONS' 
and has high loadings for LC C, LC H and LC S. The other PCs have at 
most, moderate loadings. These differences are caused by the absence 
or rarity of oils and Holocene organic matter in the small data sets.
Differences between the data structures of the total data set and the 
set of 43 oils may be revealed by PCA. Because of the larger dominance 
of C and H percentages in the oils than in the organic matter, the 
largest negatively induced correlation exists between these variables 
rather than between H and O percentages as in the 'CHONS' data set. 
The varimax-rotated PCI for the oils therefore mainly represents this 
negative C— H relationship; PC2 mainly represents O. A plot of PCI 
and PC2 scores for the oils is divided according to deposit type of the 
parent organic matter in Figure 48. The two PCs account for about 75% 
of the total variance and the lowest communalities are for N (0.47) and
S (0.51).
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PC A of the LC data for oils, yields a similar solution to that of the
'CHONS' data set. A plot of PC scores for the oil data is presented in
Figure 49. The first three PCs account for 99.5% of the variance and 
2 .all h values are near unity. The PC plots of the oils indicate that 
the scores are at least partially controlled by the deposit type of the 
organic sources.
elemental and petrographic data
Although the 'CHONSPET' data set only contains 63 cases, PCA gives some
preliminary perspectives on relationships between petrographic and
elemental, atomic percentage variates. Most variability is captured by
the first five PCs with a minimal loss in information. The reproduced
correlation matrix has only about 15% of the residuals greater than
0.05. On the varimax-rotated PCI, inverse relationships exist between
H with C and between amounts of 'exinite + bituminite' with C
(Table 40). As mentioned above, the C— H relationship is largely
induced by closure. The second principal component is dominated by a
high positive correlation with O; O is inversely related to H and to
'exinite + bituminite'. The sympathetic relationships between N with
C, and R with C are shown by PC3 and PC4 respectively. On theseV,max J
components, N and Rtt load in opposition to H. The final PCV, max
represents S only. Because of the small size of this sample set, this 
solution is strictly exploratory.
All except two correlations between the petrographic variables and LC
transformations of the elemental variables are less than 0 . 3 and
therefore PCA of these data yields only marginally more information
than PCA of only the LC elemental data. The correlations greater than
0.3 are between LC H with 'exinite + bituminite' (r = 0.42) and between
LC H with R (r = 0.32). The communalities are low for R andV f max V,max
'exinite + bituminite' except where close to seven PCs are retained. 
The loadings for petrographic variates are distributed evenly among the 
factors; this distribution indicates complex relationships of 
petrographic variates with the LC elemental variates.
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pyrolysis data
Although the 'PYROL' data set is also constrained by a lack of items,
the correlation matrix is amenable to PCA because of the large number
of 'r' values greater than 0.3. Some of these correlations however are
due to sample specific covariation and therefore the PCA solution
applies only to this data set. Two PCs capture about 90% of the
2variance; m  this solution, the lowest h is about 0. 9 and only three 
of the residuals of the reproduced correlation matrix are greater than 
0.05. The varimax PCI relates mainly to and S^, both in an inverse 
relationship with T (Table 41). The second principal component 
largely relates to S , TOC and to a minor extent, S . For this data
^  < J
set, the plot of PC scores (Figure 50) enables some categorisation of 
oil shale types.
8.4d ii cluster analyses
elemental data
Most workers, who have geochemically categorised organic matter of oil 
shales, have used three arbitrarily assigned groups on the basis of 
atomic H/C and O/C values: types I, II and III (e.g. Tissot et al., 
1974; Tissot and Welte, 1978; Hunt, 1979; Durand and Monin, 1980; 
Behar and Vandenbroucke, 1987). Cluster analyses enable delineation of 
objectively and statistically defined groupings of organic matter on 
the basis of atomic H/C and O/C values or from other elemental data.
Although the clustered groups are based purely on geochemical variates, 
they relate to petrological divisions. In the present study, only 
organic matter from oil shales is clustered but with further work, the 
classification could be extended to all organic matter types. The lack 
of petrographic control and the various sources of the oil shale data 
cause complications in the relationships between the groups and 
petrological divisions. Some of the problems are compensated in 
H/C— O/C data because some errors are cancelled due to formation of 
ratios. The relationships of petrological groups to groups clustered 
on the basis of elemental variates of the 'CHONS' data set are poor
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largely because the variates do not have the advantages of ratio 
formation.
A Euclidean distance, similarity measure is used for clustering cases 
of the 'HCOC' data set according to atomic H/C and 0/C values, with 
consideration of 'deposit types'. Division into three groups is 
analogous to the commonly employed 'three-type' classification. The 
third group of this CA is well differentiated and comprises organic 
matter from 10 lacosites (all from the Green River Formation), 
3 bitosites (all from the Toarcian of the Paris Basin) and a bitumen 
(Figure 51). It is characterised by low H/C and O/C values and 
probably consists of high rank cases. The second group has 
intermediate H/C values and comprises organic matter from 54 bitosites, 
all 5 cannels, 4 torbanites and 22 lacosites; the torbanite and
lacosite cases probably contain some vitrinite or inertinite or both. 
The first and largest group has the highest H/C scores. It comprises 
all 7 kukersite cases, all 7 tasmanite cases, 22 torbanite cases,
2 bitumens, 1 bitosite case and 109 lacosite cases.
Because the 'HCOC' data set involves a continuum in properties, the 
boundaries are partly arbitrary but for these data, the quantitatively 
based groupings offer a valid alternative to the classical divisions of 
'Types I, II and III'. Unlike the conventional 'three-type' system, 
the boundaries between clustered groups are not determined such that 
coalification tracks are followed. For oil shales, maturation is 
generally a minor control on elemental composition of the organic 
matter. With regard to oil shale utilisation, which relates to the 
gross chemical nature of the organic matter, the statistically based 
classification offers some advantages over the classical method.
An eight-group solution provides subdivisions that are more homogeneous 
than those of the three-group solution (Figure 52). For example, the 
bitosite-dominated group (group 2 ) of the three-cluster solution is 
subdivided into three divisions; two of these have low H/C values and 
one has high H/C values. The field characterised by high O/C and low 
H/C values mostly comprises cases that are probably carbonaceous and 
are from lacosite deposits and cannel deposits. The field of low O/C 
and low H/C values and the field of high H/C values comprise mostly
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cases from bitosite deposits. Each of the eight groups, especially 
groups 2 and 3, contain cases from various deposit types. The fields 
of low H/C values are more distinctive than the others probably because 
of nonrandom sampling of mature oil shales.
The H/C— 0/C clusters of the petrographically controlled cases are 
largely consistent with petrological groups (Figure 53). In the 
analysis of 'CHONSPET', nine clusters provide an adequate solution with 
consideration to the petrological classification. The coaly lacosites 
(mainly in group 3), lacositic shales (in groups 3 and 7) and the 
weathered lacosite (group 6 ) are largely separated from lacosites sensu 
stricto (mainly in groups 1 and 2). Figure 54 illustrates the 
clustering on a van Krevelen diagram and is a preliminary, proposed, 
classification scheme for organic matter suites from oil shales on the 
basis of atomic H/C and O/C values. With further, petrographically 
controlled sampling, this scheme could be refined. For example, if 
additional cases are included in an analysis, some of the groups that 
comprise more than one dominant lithology (e.g. the coaly lacosites, 
bitomarosites and bitosites of group 8 ) could possibly be clustered 
such that rock types are distinguished. A potentially more powerful 
clustering and classification may be derived through employment of all 
elemental variates rather than simply H/C and 0/C values.
On the basis of Euclidean distance, similarity measures, CA of 
standardised ('z') scores of atomic percentages of C, H, 0, N and S for 
the 'CHONSPET' data set yields differentiation of ten distinct 
groupings that largely relate to petrological divisions (Figure 55). 
Lacosites generally have moderate (near average) values for all 
variables; the other groups may be distinguished according to 
deviations of their scores from the average (Table 42).
A nine-group CA on the basis of cosine similarity coefficients, for the 
standardised data set of retort oils yields groups that are related to 
the deposit types of the parent rocks (Figure 56). Oils from lacosite 
deposits are divided into four groups: group 1 , which is characterised 
by high H values, group 2, which has low C and high 0 values, group 
' 3 + 7 • t which has high N values, and group 6 , which probably comprises 
mostly coaly lacosites and is characterised by high C and low H values.
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The oils of the bitosite groups (4 and 8) are characterised by high S 
and C contents, those of the torbanite group (5) by low N contents and 
those of the cannel group (9) are characterised by high O and low N 
contents.
The cluster analyses indicate that organic matter and retort oils from
the oil shales may be divided to form natural groupings and that
geochemical and petrological classifications are largely compatible.
pyrolysis data
Similar to van Krevelen diagrams, HI— 01 plots can also be quantified 
by cluster analyses (Figure 57). A three-cluster solution, on the 
basis of Euclidean similarities, yields a group that has high HI and 
low 01 values (group '1 + 4'), a group that has low HI and low OI
values (group '2 + 3') and group 5 , which has high HI and high 01 
values (Figure 58). Group '1 + 4' comprises 17 lacosites, 2 cannels, a 
torbanite, a bitosite and the kukersite. Group '2 + 3' comprises
4 lacosites, which are probably coaly in part, 3 cannels and a bitosite 
and group 1 comprises a cannel (Figure 58). A five-cluster solution 
gives a more comprehensive classification; the two low-OI groups of 
the three-cluster solution are each divided into two subdivisions based 
on HI (Figures 57 and 59).
Three well-defined clusters, which are largely consistent with deposit
types, are derived from analysis on the basis of cosine similarities of
standardised scores of T , S„ , S . and TOC (Figure 60). Group 1,max 1 2  3 '  ̂ ' *
which comprises most lacosites, the bitosites and two cannels, is
characterised by S , S , and TOC values all lower than the means.
Group 2 comprises most cannels and a couple of lacosites that are
probably coaly in part; these cases have T values lower than themax
average and have TOC and values higher than the averages. Group 3, 
which contains the torbanites, the kukersite and three lacosites, is 
characterised by high and TOC values.
Cluster analyses of the pyrolysis variates indicate that oil shales and 
related lithologies fall into natural groupings that are partly related 
to petrological divisions. Discriminant function analysis is a more
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powerful technique for quantification of relationships of the 
petrological classification with geochemical variates.
8.4d ill discriminant: function analyses
deposit type according to elemental composition of organic matter
By construction of canonical composites based on elemental, atomic 
percentage variates, such that petrological groups are maximally 
distinguished, DFA yields information on differences between the groups 
and on the degree to which the groups can be differentiated.
As mentioned in section 8.3d, constraints on the data are more critical 
for DFA than for CA or PCA. Because of the objectives of the present 
study and because of the adverse effects of the data on oils, bitumens 
and Holocene organic matter on the statistical constraints, only 
organic matter from oil shales is included in the DFA of the 'CHONS' 
data set. Omission of cases that have missing values does not affect 
the analyses because most of these cases are from the excluded groups. 
Although multivariate normality is not determined, the univariate 
assessments, after elimination of outliers, do not cause any suspicion 
of serious limitations.
The limited number of items in each group is a major constraint on the 
analyses, especially with regard to classification. The number of 
cases per group is highly variable and in some instances is less than 
the number of variables (Table 43a). The stepwise procedure and 
employment of tolerance levels allow for these small numbers but 
overfitting is a major limitation and therefore the solutions only 
apply to the sample sets. The analyses however give preliminary 
ights into the types of discriminant functions that could possibly 
be derived for larger data sets.
Homogeneity of var— covar matrices, which is partly related to the 
number of items in the groups, is another major limitation of the 
sample set analysed, especially for the small groups. Most notably, 
the variation in atomic percentages of S, 0 and to a lesser extent N in
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the kukersite group (2 cases) and variation of C in the tasmanite group 
(4 cases) are ail much lower than those for the other groups 
(Table 43a). Aside from these inequalities, variances among the groups 
are not grossly dissimilar (Table 43a; Figure 61b). The heterogeneity 
of var— covar matrices may result in some misleading significance tests 
and increased misclassifications.
A further limitation of DFA of percentage data is the questionable 
validity of var— covar matrices that suffer from the constraints of 
closed data.
Analyses of LC data from only the bitosite, lacosite and torbanite 
groups, alleviate most of the statistical limitations. Nevertheless, 
DFA of percentage data of all groups yields some valuable information.
As discussed above, and as shown by the univariate statistics in 
Table 43a (U- and F-statistics) , most atomic percentage variates differ 
between groups. Carbon and H have the largest dissimilarities whereas 
the mean S values for each group are nearly equal (i.e. S has high 
U- and low F-statistics).
The correlations between most variables (Table 43a) cause the 
importance of some predictors for discrimination to be more complex 
than indicated by the univariate statistics. Because of the largely 
induced intercorrelation between C and H, some of the discriminating 
power in C is accounted with the inclusion of H in step 1 of the 
stepwise procedure (upper part of Table 43b). The high priority of N 
and its resultant decrease in lambda for the variables considered 
jointly, is partly caused by its covariation with C and H. The role of 
0 however is reduced because of its correlation with H.
The eigenvalues in Table 43b indicate that the first of the four 
extracted functions (DF1) accounts for most of the between-groups 
variance and therefore it has the highest canonical correlation. The 
second discriminant function and DF3 have similar importance to each 
other but DF4 is superfluous.
As shown by the standardised function coefficients, which are adjusted 
to accommodate intercorrelations, H makes the main contributions to
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DF1, DF3 and DF4, whereas DF2 has shared major contributions from C, H 
and O (Table 43b). Because of the intercorrelations between variables, 
the values of the coefficients depend on the inclusion of other 
variables in the function.
Similar to factor matrices of PCA, the structure matrices of DFA 
(i.e. correlations between function scores and the variables) indicate 
the meaning of the function without consideration to adjustments for 
intercorrelations. The first discriminant function mainly represents 
the difference between C and H contents, DF2 mainly represents 0 and 
DF3 mainly represents the relationship between H and N. The final 
canonical variable has little discriminatory power and mainly is 
negatively related to S contents.
Because of the low C contents of lacosite cases relative to those of 
the other groups, the lacosite cases are distinguished by high values 
on DF1; the kukersite and tasmanite cases have intermediate DF1 values 
whereas the bitosite, torbanite and cannel cases have low values 
(Figure 61a; b). The cannel and kukersite cases are distinguished by 
high 0 contents and high scores on DF2 whereas the torbanite, bitosite 
and tasmanite cases have low scores.
With consideration to the numerous statistical limitations of the 
variables, the various sources of the data and the lack of petrographic 
control, the classification results (Table 43b) are promising and 
indicate that the variables are effective discriminators. The 
percentage of correctly classified cases is inflated however, because 
they are classified from DFs derived from the cases themselves and 
because of overfitting, especially for the small groups. Nevertheless, 
the correct classification of items from the medium to large groups and 
the difference between the determined correct classification rate and 
the expected correct classification rate by chance alone are 
noteworthy.
Two bitosite cases are misclassified as torbanites probably because of 
an abundance of lamalginite and a paucity of bituminite; ideally the 
bitosite group should be subdivided. The low DF1 scores of the 
lacosite cases misclassified as cannels or as bitosites are probably
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due to the presence of abundant vitrinite. The lack of petrographic 
control for this suite of samples however precludes confirmation of 
these causes for misclassification. Discrimination of some tasmanites 
from torbanites is difficult because of the similar elemental 
composition of Botrvococcus-derived telalginite and tasmanitid-derived 
telalginite. Because of the similarities in elemental composition of 
lamalginite and telalginite, confusion also exists in discrimination of 
some lacosites from tasmanites.
The analysis of all cases maximally utilises the data but an analysis 
that involves a cross-validation (hold-out) group gives a less biased 
classification rate. Employment of 'CHONSPET' as a training set allows 
cross-validation as well as a separate analysis of petrographically 
controlled cases according to deposit type (Table 44). Because only a 
subset of the data is used to derive the functions, the problems of a 
limited number of items and of heterogeneous var— covar matrices are 
exacerbated. The three DFs account for all between-groups variance and 
employ only C, 0 and N. These DFs have similar distributions of 
correlations with the variables as those derived from analysis of all 
cases.
The territorial map for analysis of 'CHONSPET' (Figure 62) is similar 
to that derived for all cases, except that the bitosite field and to a 
lesser extent, the cannel field are reduced at the expense of 
enlargement of the torbanite field; the kukersite field, which 
involves only one case, is also reduced.
Only two lacosites and one torbanite from 'CHONSPET' are misclassified 
(Table 44b) but overfitting gives biased results for the small groups. 
The number of correctly classified cases in the cross-validation group 
is high, considering the overfitting, the various literature sources of 
information for the hold-out group and considering that the functions 
are based on petrographically controlled cases whereas the hold-out 
group lacks this control. The cannel case of the hold-out group 
probably contains more liptinite than those in 'CHONSPET' and is 
therefore misclassified as a torbanite. One tasmanite case is also 
misclassified as a torbanite. Similar to analysis of the total data
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set, some problems exist in discrimination of lacosites from tasmanites 
in the cross-validation analysis.
The problems of limited sampling for some groups are partly 
accommodated by analysis of only the bitosites, lacosites and 
torbanites. Similar to DF1 from the analysis of all groups, DF1 from 
analysis of only the major groups mainly relates to the difference 
between amounts of C and H (Table 45). Hydrogen however is not 
included in the stepwise analysis of only the major groups because of 
its high correlation with C. The second discriminant function, which 
accounts for about a quarter of the between-groups variance, has 
moderate to high correlations with H, 0, S and N.
The first discriminant function mainly separates lacosites from the 
other two groups and DF2 distinguishes bitosites from torbanites 
(Figure 63). Similar to the other DFA of atomic percentage data, some 
lacosites are misclassified as bitosites and a couple of bitosites are 
classed as torbanites. The percentage of correct classifications is 
high but is biased because of the lack of cross-validation. The number 
of correctly classified cases however remains high in a
cross-validation analysis which involves 'CHONSPET' as a training set; 
all cases are classed correctly in the trainer (Table 46). The DFs 
extracted (Table 46; Figure 64) are very similar to those from the 
analysis that is not cross-validated.
The problems of induced correlations in closed data may be alleviated 
by analysis of log-centred data. The LC transformation also aids in 
achievement of normality and partly equalises variance among the 
groups. Variation in the kukersite group however remains anomalously 
low mainly because of the small number of cases (Table 46a)• The 
univariate statistics (Table 47a) indicate the differences in LC 
elemental compositions between groups. Log-centred O and LC N have the 
largest dissimilarities and LC S has the lowest but their relevances to 
discrimination are complex because of intercorrelations. Log-centred N 
is not entered into the stepwise analysis because of its correlations 
with high-priority variables. The decreases in lambda for the addition 
of each of the other variables after the entry of LC 0 are similar
(Table 47b).
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Three extracted functions account for most of the between-groups 
variance and each has a moderate to high canonical correlation. With 
consideration of the overlapping effects of the variables, DF1 has 
major contributions from LC C and LC S and a negative contribution from 
LC H (Table 45b; DF coefficients). Because LC C and LC S are 
negatively correlated and LC C and LC H are positively correlated, DF1 
scores have low correlations with all of these variables (Table 47b; 
structure matrix). The second discriminant function has large, 
adjusted contributions from LC 0 and LC S and is highly correlated with 
LC O. The third discriminant function has a major contribution from 
LC H and is highly correlated with LC H. The fourth discriminant 
function, which has little discriminatory power, is moderately to 
highly correlated with LC C, LC N and LC S.
As shown by the territorial plot (Figure 65a), DF1 separates lacosites, 
which have low scores, from cannels/tasmanites, which have moderate 
scores, from kukersites/torbanites, which have high scores, whereas DF2 
distinguishes cannels/kukersites, which have high scores, from 
tasmanites/torbanites, which have low scores.
The classification results (Table 47b) show that the most difficult 
groups to distinguish are the tasmanites from lacosites and torbanites. 
Two of the cannels are also misclassified: one as a bitosite and one 
as a kukersite. With consideration of the limitations of the data, the
overall correct classification rate is substantial but overfitting
exists for the small groups. The LC transforms are potentially
powerful discriminating variables, on par with atomic percentage 
variates. Because of the fewer constraints on the LC data however, DFA 
of the LC variates is statistically more viable than analyses of 
percentage data.
Cross-validation, through employment of 'CHONSPET' as a training set, 
yields similar DFs as the LC analysis of all data. In the 
cross-validation however, LC C, LC H, LC O and LC N are used to derive 
the functions. Three functions account for most of the variance 
(Table 48a). The functions have similar distributions of DF 
coefficients as the functions extracted from the total data set but the 
signs are reversed for LC H and LC C on DF1. The territorial map
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(Figure 66) is therefore a mirror image of the one for the analysis of 
all cases. The distribution of loadings on all functions is similar in 
both analyses.
The petrographically controlled cases have very high correct 
classification rates except for the cannels, of which two are 
misclassified (Table 48b). For the cross-validation set, the problems 
of distinguishing lacosites from torbanites from tasmanites cause a 
decreased correct classification rate. Considering the limitations of 
the data however, the number of correctly classified cases is 
appreciable.
DFA of the LC data from only the major groups is the most statistically 
valid analysis of the present study. In this analysis, DF1 accounts 
for most of the variance and is dominated by positive contributions 
from LC C and LC S and a negative one from LC H (Table 49, DF 
coefficients). Because of intercorrelations, ’ LC O has the only 
notable loading on DF1. The second discriminant function accounts for 
the remaining fifth of between-groups variance; it has a dominant LC H 
contribution and is mainly correlated with LC H. Because of the high 
correlation between LC C and LC H, LC C has a moderate loading on DF2.
DF1 mainly distinguishes lacosites, which have low values, from 
torbanites, which have high values. The second discriminant function 
mainly distinguishes the bitosites, which have low values, from the 
other types (Figure 67).
The correct classification rate is higher in this DFA than in analysis 
of all groups. The most common misclassifications are lacosites
categorised as bitosites.
The DFA of LC variates of only the major groups is cross-validated 
through use of 'CHONSPET' as a trainer. This analysis yields similar 
functions as DFA of all cases except that DF2 has a negative 
contribution and negative correlation with LC H (Table 50). The 
territorial map is therefore a mirror image of the one from analysis 
with no trainer (Figure 68). For the petrographically controlled 
cases, only one case is misclassified. In the 'hold-out' group, 
numerous lacosites are misclassif ied as bitosites and a few are
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misclassified as torbanites; about three quarters of all cases are 
however correctly classified.
Within the constraints of the data, discriminant function analyses of 
elemental variates according to deposit type indicate that the 
predictors are powerful discriminators. The elemental variables may be 
used to determine some other petrological characteristics with a large 
degree of certainty. Although the number of cases in each group is 
generally low, the DF plots offer preliminary, alternative 
representations of elemental data in relation to other organic 
petrological characteristics. A more powerful system may result from 
the use of petrographically controlled samples and the 'oil shale' 
classification rather than 'deposit types' but the lack of cases 
precludes a complete analysis of all oil shale types.
oil shale type according to elemental composition of the organic
matter
Although discriminant function analyses of elemental percentage 
variates for the petrographically controlled cases has numerous 
limitations, especially with regard to the number of items in each oil 
shale group, an exploratory analysis of groups that have five or more 
items reveals that some discrimination of oil shale types is possible 
(Table 51 and Figure 69).
The number of cases in each group is variable but standard deviations 
of the variates for each group are mostly uniform; the var— covar 
matrices therefore are not grossly dissimilar (Table 51a). The 
univariate statistics indicate that C and H have the largest 
differences between groups but because of intercorrelations, the role 
of N is enhanced during stepwise entry of the variables into the 
analysis (Table 51b). For these data, 0 and S differ only slightly 
between groups.
The first two DFs account for almost all of the between-groups variance 
(Table 51b). Where intercorrelations are accommodated, DF1 has major 
contributions from C and S whereas DF2 has dominant C contributions and 
substantial, negative N contributions (Table 51b, DF coefficients).
322
As indicated by the structure matrix (Table 51b), DF1 mainly represents 
the relationship between C and H whereas DF2 is negatively correlated 
with N and O.
The first discriminant function distinguishes marobitosites, which have 
high scores, from coaly lacosites, which have moderate scores from 
lacosites, which have low scores, from torbanites, which have low to 
moderate scores. The second discriminant function mainly separates the 
torbanites, which have high scores from lacosites and coaly lacosites, 
both of which have low scores.
The percentage of correctly classified cases is promising (Table 51b) 
but the values are inflated because of overfitting and a lack of 
cross-validation. Cross-validation of this DFA is not possible because 
of the limited number of cases.
Discriminant function analyses of LC transforms for the 
petrographically controlled cases also yield powerful discriminating 
functions for the data set (Table 52 and Figure 70). According to the 
univariate statistics (Table 52a), only LC H and LC O are considerably 
different between groups. These variables however are used in 
conjunction with LC C and LC N to enable derivation of two, 
well—discriminâting functions, each of which has a high canonical 
correlation (Table 52b). The first discriminant function is dominated 
by a negative LC C contribution and a positive LC H contribution. It 
is weakly correlated with LC H. The second discriminant function also 
has a major negative coefficient for LC C but has positive 
contributions from LC N and LC H. This canonical variate has a weak 
positive correlation with LC O.
The first discriminant function mainly enables discrimination of 
marobitosites from coaly lacosites from lacosites and of marobitosites 
from torbanites whereas DF2 distinguishes torbanites from coaly 
lacosites and lacosites (Figure 70). Similar to DFA of atomic 
percentage data, only two cases are misclassified in the LC analysis.
These analyses of the petrographically controlled data are strictly 
exploratory. The results of the present study only apply to the
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specific data sets but superior, more generalised DFs could be derived 
from large sets of petrographically controlled cases.
deposit type according to elemental composition of retort oils
The number of items is small for the suite of retort oils but the 
limited data indicate that elemental compositions of the oils vary with 
deposit type of the parent rock (Table 53; Figure 71). Similar to the 
other elemental data sets, most variates in the data set of retort oils 
differ between groups. Unlike the other data sets however, S and N 
contents of the oils have the largest between-groups variation 
(Table 53a). These two elements are also important in the stepwise 
entry of variables into the DFA. Because of the correlations of C with 
these variables it is not entered into the analysis (Table 53b).
The first discriminant function, which accounts for much of the 
between-groups variance, has a major contribution from H and mainly is 
negatively correlated with S. The second discriminant function, which 
accounts for about a quarter of between-groups variance, has a major 
contribution from N and a high correlation with N. The third function 
has only minor discriminating power and is mostly related to O contents 
(Table 53b).
The first discriminant function and DF2 share discrimination of most of 
the groups but DF1 largely distinguishes oils of the bitosites, cannels 
and the tasmanite from those of torbanites and lacosites. The second 
discriminant function mostly distinguishes the oils from bitosites and 
lacosites from the others (Figure 71).
A large percentage of the cases is classified correctly in the DFA 
(Table 53b). Some of the misclassifications of cases as torbanite oils 
or lacosite oils may be caused by some vitrinite present in the 
torbanites and lacosites that produced the oils on which the DFs were 
derived. Further analyses of larger data sets of petrographically 
controlled cases would elucidate the predictive capabilities.
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Analysis of only groups that have four or more cases gives a slightly 
more valid analysis than analysis of all groups. According to the 
univariate statistics (Table 54a), the variables have a similar 
hierarchy in differences between groups as for analysis of all deposit 
types. In the analysis exclusively of large groups however, only C, N 
and S are included in derivation of the two DFs. The first 
discriminant function is largely controlled by C and S and it separates 
oils of bitosites from those of lacosites. The second discriminant 
function is mostly related to N and separates oils of bitosites and 
lacosites from those of torbanites (Figure 72). The percentage of 
correctly classified cases is high, although a few bitosite and 
lacosite oils are misclassified (Table 54b).
Univariate statistics of LC transforms for the complete data set of 
retort oils show that LC N and LC S have the most variation between 
groups (Table 55a). Because of the intercorrelations however, LC S is 
not entered into the functions (Table 55b). The first discriminant 
function and DF2 account for most of the between-groups variance; DF1 
is mostly related to LC N and DF2 mostly is negatively related to LC S. 
The first discriminant function largely separates oils of 
cannels/tasmanites from those of bitosites/torbanites from those of 
lacosites. The second discriminant function mainly distinguishes oils 
of cannels from those of tasmanites and oils of torbanites from those 
of bitosites (Figure 73). The percentage of correctly classified cases 
is similar to that of analysis of atomic percentage data; 
misclassifications are spread among the groups.
In the present study, the most statistically valid DFA of the retort 
oils involves the LC data for groups that have four or more cases. The 
univariate part of the analysis indicates that LC N and LC S have the 
largest differences between groups (Table 55a) . Both of these variates 
are important in stepwise selection (Table 56b). The two extracted DFs 
share the between-groups variance. The first discriminant function has 
a moderate correlation with LC N whereas DF2 has a moderate correlation 
with LC S and a moderate negative correlation with LC H (Table 56b). 
The first discriminant function mainly distinguishes between bitosite 
and torbanite oils whereas DF2 mainly distinguishes lacosite oils from 
the others (Figure 74). The percentage of correctly classified cases
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is similar for this analysis as for the other analyses of retort oils 
and the misclassifications are spread evenly among the groups.
Discriminant function analyses of the retort oils show that elemental 
percentage variates and their LC transforms can be linearly combined 
into powerful discriminating functions that enable differentiation of 
the deposit types of the parent organic matter. The analyses can not 
be generalised to other oils but these preliminary investigations 
indicate that considerable scope probably exists for applications to 
other data sets.
deposit type according to pyrolysis data
Similar to the other data, the limited number of cases in the pyrolysis
data set causes the DFA to be strictly preliminary and exploratory.
The univariate statistics on 'PYROL' indicate that and TOC have the
greatest differences between the deposit types (Table 57a). These
variates along with T are also important in the stepwise entry ofmax
variables (Table 57b).
Four functions are extracted but the first two account for almost all
of the between-groups variance. The first discriminant function, which
has a major positive contribution from and a negative contribution
from S , has moderate, negative correlations with S and TOC 3 2
(Table 57b). It is therefore important for distinguishing torbanites, 
which have low scores, from the kukersite, which has a moderate score, 
from lacosites, which have moderately high scores, from cannels and 
bitosites, both of which have high scores (Figure 75). The second 
discriminant function, which mainly has a positive TOC contribution, is 
positively correlated with TOC and and negatively correlated
with T . It mainly distinguishes cannels from bitosites (Fiqure 75). 
The percentage of correctly classified cases is overestimated due to a 
lack of cross-validation but the results show potential for
discrimination of deposit types on the basis of pyrolysis data. Some 
of this potential however may be manifest by sample specific 
covariations. Further analysis of larger data sets would yield a more 
substantial analysis and less biased classification rates.
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8.5 Discussion and Summary
Organic geochemistry, in conjunction with other organic petrological 
characteristics of oil shales, yield information relevant to 
exploration and exploitation parameters. Assessments of the 
interrelationships of the numerous variates enable quantitative 
characterisation of oil shales and allow insights to be made into the 
sources of variation such as progenitor material, depositional 
environment and postdepositional effects.
8.5a Elemental Variables and their Canonical Analogues
8.5a i carbon and hydrogen '
On an atomic percentage basis, C and H are the two most abundant and 
most highly variable elements in most of the organic matter from oil 
shales. These elements are also two of the most important constraints 
on chemical structures, oil shale categorisation and retort yields.
Relationships between the elemental variates indicate that C and H have 
similar influences. The strong negative correlation between atomic 
percentages of C and H, and the consequent loadings in opposition on 
principal components are at least partly due to 'closure' but the 
bivariate and multivariate relationships of the log ratio transforms 
imply a molecular association and similar underlying controls.
The strong relationship between H/C with liptinite percentage and the 
considerable loadings of H, C and 'liptinite + bituminite' on one PC 
indicate that maceral composition and consequently progenitor material 
and depositional environment are important sources of the H and C 
variation. The effects of these sources are also evidenced by 
variation in H, C and their associated canonical variates with oil 
shale type and deposit type. Atomic H/C values however, also vary 
considerably for a specific organic matter type (e.g. lamalginite) at a 
low rank (Figure 41a).
Of the five major elements, H and C have the largest dissimilarities 
between petrological groups. The dominantly aromatic and naphthenic
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natures of vitrinite and to some extent bituminite, is exemplified by 
the low H/C values and consequent low oil yields of cannels and 
bitosites. Organic matter in cannels and bitosites largely originates 
from plants rich in saccharides and their derivatives and poor in 
lipids. These types of precursors are generally accepted and well 
documented for terrestrial organic matter but not normally for marine 
and other aquatic organic matter.
Bituminite that has H/C contents intermediate to those of vitrinite and 
liptinites such as sporinite possibly is partially derived from 
lipopolysaccharides and lipoproteins. Some blue-green algae, bacteria 
and water lilies have H/C values intermediate to those of other algae 
and wood (Table 32). Cellulosic sources such as algal mats, Rhodophyta 
and Phaeophyta, may partially account for the H and C contents of 
bituminite.
Syndepositional and postdepositional processes had considerable effects 
on the composition of aquatically derived organic matter that has low 
H/C values. Oxidation and anaerobic processes, both with the aid of 
microorganisms, may have led to decreases in H/C contents. The low 
resistance of carbohydrates to microbial attack causes them to be 
susceptible to alteration and diagenesis. In some cases, radioactivity 
of associated minerals may be an additional influence on the chemistry 
of bituminite.
A relative enrichment in C with the losses of 0 and H during maturation 
has probably caused the very low H/C values (<0.8) of the organic 
matter in some of the bitosites. Maturation has also possibly 
decreased the H/C values of some of the other bitosite and cannel 
cases. Micrinite associated with some bituminite contributes to the C 
enrichment of the organic assemblage.
Lamalginite and telalginite, which are both largely aliphatic and 
alicyclic, are characterised by high H/C values and high oil yields. 
These macerals are commonly derived from lipid-rich cell walls of the 
resting stages of algae. Many of these lipids comprise cross-linked 
polymers that are resistant to degradation and consequently may be 
concentrated during decomposition of associated organic matter.
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Preservation of lipid-rich organic matter is not necessarily caused by 
extensive anoxic conditions. Diagenetic changes to H and C contents of 
alginite are mostly minimal. For example, the H/C values of organic 
matter in coorongite and torbanite are similar.
Most of the telosites (oil shales that contain dominant telalginite) 
and lamosites studied have only been slightly altered by maturation but 
the Green River Formation cases that have H/C values less than 0.8 are 
probably mature. In some instances, slight degrees of maturation have 
probably caused a minor increase in H/C values due to selective loss of 
o.
Oil shales, such as bitomarosites and coaly lacosites, which contain 
considerable amounts of bituminite or vitrinite/inertinite as well as 
the alginite, have intermediate H/C values and intermediate oil yields.
The H and C contents of retort oils are higher than those of the parent 
macerals and are partly controlled by H and C contents of the macerals. 
The chemistry of the retort oils varies according to the type of oil 
shale, although the retort oils from the various maceral suites are 
commonly more similar in composition than is the parent organic matter.
8.5a ii oxygen
In terms of atomic percentage, O is generally the third most abundant 
element in organic matter from oil shales. Oxygen content is important 
with regard to exploitation because it adversely affects oil yields and 
causes production of CO2 during retorting. Oxygen in oils generally 
decreases their quality for utilisation as fuels.
The numerous sources of variation and the complex nature of O 
relationships with other elemental variates are evidenced by the 
disseminated LC loadings among the PCs. For PCI, the variance in LC O 
is in opposition with that of LC H and LC C. This indicates that a 
part of LC O variation possibly has a similar control to that of LC H 
and LC C (i.e. organic source); some of the variation in O is 
attributable to petrological type. A negative bivariate relationship 
exists between atomic percentages of O and H but this is at least
partially induced.
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Although O/C is a sensitive indicator of maturity at low ranks, a
relationship does not exist between 0/C and R for the suite ofV,max
petrographically controlled lacosites (Figure 41a). This could be due
to a variation in 0/C for lamalginite at a specific maturity, to an
inadequacy of Rtt as a rank indicator for these rocks, or mostV, max
likely, a combination.
Oil shales that contain abundant 'vitrinite + inertinite' have the 
greatest amounts of organic 0. This organic matter contains numerous 
polyaromatic structures and oil yields are diminished in comparison to 
those of liptinites. The 0 enrichment is consistent with the 
terrestrial sources for the organic matter and with the high O contents 
of lignin relative to other saccharides and lipids. One lacosite case 
has an elevated O content due to recent outcrop weathering.
The telalginite in kukersite has higher 0 contents than other alginite 
and therefore probably has more ether and ester bonds. This increased 
0 abundance is probably caused by a progenitor algae that was enriched 
in O (e.g. similar to the blue-green algae of Table 32). The 0 
probably originated mostly from carbohydrates. An only slight loss in 
0 during deposition and diagenesis is a possible contributing factor to 
the high O contents of this telalginite.
Organic matter in the bitosites, lamosites, tasmanites and torbanites 
generally has a paucity of O and therefore has few polycyclic 
structures. The precursor organic matter was lipid rich. During 
diagenesis and maturation, some 0 was lost from both lipids and any 
carbohydrates present. This loss in O probably increased the 
resistance of the organic matter to decay and increased the potential 
of the oil shales to yield oil. Differences in postdepositional 
effects may account for much of the variation within a maceral type 
(e.g. Figure 41a).
Although the correlation between 0 contents of the oils with those of 
the parent maceráis is poor, systematic differences exist between the 0 
contents of oils from the various petrological groups. The oils from 
the cannels have more 0 than those from the other oil shale types, all 
of which have small amounts. With respect to O contents, the cannels
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are therefore less attractive as a source of fuel than the other oil 
shales. Retort oils from kukersites contain abundant O-bearing 
compounds and only about 10% hydrocarbons, most of which are aromatic 
(Monin et al., 1980).
8.5a iii nitrogen
Although N is a minor element of the organic matter in oil shales, it 
is important because it may poison naturally occurring or added 
catalysts (Zhou et al. , 1984) and similar to other heteroatoms, N is 
normally undesirable in liquid fuels.
From bivariate analyses, the relationships of LC N are obscure but PCA 
indicates two possible, major sources of variation: one in opposition 
with LC O variation and one sympathetic with LC O variation. These two 
sources may relate to predepositional and postdepositional controls 
respectively. The predepositional control is probably related to the 
amounts of proteins in the precursor organic sources; proteins are 
rich in N and poor in O. During diagenesis, N and O are lost
sympathetically.
Only some of the variation in N is accounted by lithology and therefore 
postdepositional effects probably had considerable influence. Nitrogen 
contents of Holocene organic matter are much greater than those of
maceráis (Figure 27). Although most N originates from proteins, which 
generally more abundant in aquatic plants than in terrestrial 
plants, oil shales dominated by telalginite and to a lesser extent 
lamalginite, are depleted in N as compared with humic coals
(Figure 30). This is probably caused by diagenetic degradation of the
proteins by microbes that use the N and by the consequent, selective 
preservation of lipids. Some N may have been removed from functional 
groups during early maturation. The N in vitrinite probably originates
from microbial remains.
Enrichment of N in the bituminite-dominated organic matter (Figure 30) 
could be caused by only small amounts of diagenetic loss, a progenitor 
rich in proteins or both. An abundance of proteins is characteristic 
of cyanophytes but as mentioned above, proteins may also be abundant m
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other aquatic plants. The susceptibility of proteins to decay may be 
decreased by diagenetic formation of resistant amino acids (Glikson and 
Taylor, 1986) or chelates and by incorporation of lipids or minerals. 
Because the N in bituminite is largely present in reactive amide 
functions, some N may be lost during early maturation.
The amounts of N in the retort oils are related to the N contents of 
the maceral sources but more variation exists between parent 
petrological types for the oils. The quality of some oils from 
lacosites, especially from the Green River Formation, coaly lacosites 
and bitosites may be compromised due to elevated N contents. 
Exploration and exploitation of these types of oil shale could be 
oriented towards instances where N has been lost during diagenesis or 
maturation.
8.5a iv sulphur
Similar to N, sulphur is a minor element of organic matter in the oil 
shales studied but is important with regard to commercialisation. The 
presence of organic S may affect pyrolysis reactions, oil yields and 
oil quality. Pyrolysis may be catalysed by S but other catalysts may 
be poisoned (Zhou et al., 1984). Organic S may cause natural oil 
generation at anomalously low ranks (Orr, 1986). The environmental 
problems associated with acid rain are severe adverse effects of S and 
high S contents may lead to corrosion of equipment used for retorting. 
Some types of S structures may increase the octane rating of fuels but 
similar to other heteroatoms, S is generally an undesirable element in 
fuels. Oil shales that contain low—S organic matter should generally 
be preferentially exploited.
According to bivariate analyses, only minor amounts of LC S are 
accounted by variation in other elements but PCA reveals that LC N and 
to a lesser extent LC 0 have a common source of variation with LC S 
(Table 39). This component of variation is probably associated with 
anaerobic, postdepositional processes, which involve increases in S at 
the expense of N and 0. These processes are mainly associated with 
microbial activities, some of which involve sulphate reduction.
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Organic S contents are low for all of the petrographically analysed 
cases and the amounts of S are not directly related to volume 
percentage of liptinite (Table 41b). The moderate, negative bivariate 
correlation between atomic percentages of S and MMF volume percentages 
of liptinite is caused by the elevated S contents of some of the 
vitrinite-dominated and bituminite-dominated cases. Principal 
components analyses of elemental and petrographic variates indicate 
that S probably has a source of variation different from those of 
maceral group composition and rank; the range in maturation however is 
limited. For the oil shales studied, most variation in S is probably 
due to diagenetic processes, which are partly affected by depositional 
environments.
Because pyrite was not demineralised from the oil shales prepared for 
the present work, data on pyritic as well as organic S is available. 
Macerals associated with pyrite, and therefore, in part with reducing 
conditions, are not necessarily enriched in H (Figure 41b). Organic 
matter that has elevated S contents also is not enriched in H. Although 
the atomic percentages of organic S are not simply related to weight 
percentages of pyrite (Figure 41b), the two forms of S have some common 
sources; the processes involved are highly complex and variable. 
Multivariate analysis of a large, petrological data set that contained 
pyritic and organic S values would possibly reveal some trends.
Organic and inorganic S normally originate from two major sources? 
original plant tissues and dissolved sulphate. Elemental S may be a 
minor contributing source.
Sulphur contents of plants are generally very low (Table 32) and are 
generally concentrated in proteins, associated amino acids and lipids. 
Some S in marine sediments however originates from sulphated 
polysaccharides of macrophytes (Guerin and Braman, 1985). Ester 
sulphate, which probably orginates from bacteria (Casagrande, 1987) and 
algae (Given, 1984), is an abundant form of organic S m  peat 
(Casagrande, 1987).
Dissolved sulphate is in higher concentrations in marine and other 
saline environments than in freshwater environments. Microbial
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activity reduces dissolved sulphate and organic S into hydrogen 
sulphide (H^S). Sulphur from the H^S may be converted into pyrite or 
may be incorporated into organic matter.
Evidence of sulphate reduction for the oil shales of the present study 
includes the presence of pyrite and the generally higher S contents of 
the macerals than of the precursor organisms. The small contents of 
pyrite and organic S of most of the organic matter however indicate 
that this sulphate reduction was normally not extensive.
Sulphate reduction involves anaerobic bacteria that convert dissolved 
sulphate to H^S, HCOO^ and residuum. The bacteria employ organic 
matter as a reductant and energy source (for details, see Berner, 1970; 
1984; Skyring, 1987). The anaerobes are tolerant to the presence of 
some O (Skyring, 1987) and normally prefer near neutral pH (Bostick et 
al. , in press; Roberts, 1988). Many types of phytoplankton may be 
metabolised and cyanobacteria are especially prone to oxidation 
(Skyring, 1987). The presence of reactive organic matter is important 
for sulphate reduction because of its role in development of anoxic 
conditions and because it is used by sulphate-reducing bacteria. The 
bacteria only utilise simple compounds, which are produced by other 
bacteria (Tyson, 1987).
Pyrite is formed by a reaction of iron with H^S to form FeS as an 
intermediary, which then converts into FeS2 with the addition of S. 
Because the formation of FeS^ is an oxidation process, either elemental 
S or O is needed as an oxidising agent. The amount of Fe is largely 
controlled by clastic input and its reactivity is affected by pH 
(Casagrande, 1987). If reactive Fe is not available, H2S or elemental 
S may react with organic matter. Sulphur is added largely to cyclic 
functions in organic matter but the mechanism of S fixation is unknown 
(Given, 1984; Casagrande, 1987). The addition of S to organic matter 
may increase its resistance to decay. (Boreham and Powell, 1987).
The major factors that control sulphate reduction and consequently 
organic and inorganic S contents of sediments are concentration of 
sulphate in the water, availability of organic matter that can be 
metabolised and the Eh— pH conditions. For continued sulphate
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reduction, the H^S formed must be removed because it is poisonous to 
bacteria (Boreham and Powell, 1987). The major factors that control 
whether the H2S reacts mostly with organic or with inorganic matter are 
the availability of reactive iron and elemental S, Eh— pH conditions 
and the concentration and type of organic matter.
The interrelationships and timing of these factors are complex and 
variable, such that S relationships are also complex. Organic and
inorganic S contents of the oil shales included in the present study 
are generally low and little variation exists between petrological 
groups. These low values are probably at least partly due to
resistance of the organic matter to decay and resistance of the organic 
matter to reaction with any H^S formed.
Characteristics of the ancient, pore-water chemistry affects S
distribution but delineation of these effects is difficult within the 
scope of the present study because the chemistry may have varied both 
within and between petrological groups and because it is also related 
to other factors. Lacosites that have higher total S contents than
other lacosites may have been deposited during low water levels when 
salinities were high; cases that have low total S contents may have 
been deposited during high water stands. Changes in the water
chemistry after deposition possibly adds further complications to the 
patterns of S variation. For example, the coal sample may have an 
elevated content of organic S because of diagenetic changes caused by 
postdepositional incursion of saline waters.
Variation in organic matter type contributes to some variation in S 
abundances. Although the tasmanites, kukersites and bitomarosites were 
deposited in marine conditions, they generally have low S contents; 
this is possibly due to the resistance of the organic matter to 
reaction with sulphur—bearing species and its resistance to decay. The 
bituminite-dominated rocks generally have higher S contents possibly 
because the organic precursors (e.g. cyanobacteria) were reactive with
H S and were more readily metabolised.
2
Anaerobic conditions must have been present for sulphate to be reduced 
and pyrite to have formed. As evidenced by the low amounts of
335
inorganic and organic S in most cases of the present study, this anoxia 
need not have been extensive. The finely disseminated, framboidal form 
of pyrite and its associations with organic matter indicate that most 
pyrite formed during diagenesis; oxygenated water overlying anoxic 
sediments may promote diagenetic pyrite formation. The organic 
matter-rich sediments were anaerobic, and as mentioned above, the 
organic matter was probably sulphurised mostly during diagenesis. A 
lack of euxinic bottom waters was possibly a constraint on 
syndepositional S transformations.
Some carbonate-rich oil shales, such as some bitosites and lacosites, 
probably have elevated contents of organic S and decreased contents of 
inorganic S partly because the near neutral pH during their deposition 
promoted sulphate reduction but the lack of Fe prevented pyrite 
formation. A lack of reactive Fe may have also caused high organic S 
contents and low pyrite contents in some other cases.
Sulphur contents of the retort oils are directly related to those of 
the organic matter sources but more variation exists in the oils 
between parent petrological types. Oils from the tasmanite and 
bitosites generally have higher S contents than the other oils. These 
two lithologies are therefore not as attractive for exploitation as the 
other types because of the effects of S on retorting processes and 
pollution. The S contents of bituminite-bearing rocks could cause 
natural generation of oil at low maturities. This early generation is 
probably due to cracking of thermally labile S bonds rather than the 
more stable, O and C— C bonds which are cracked if S is not present 
(Orr, 1986).
8.5a v canonical variates
Additional and more succinct interpretations on the variation in 
elemental composition of organic matter in oil shales are possible via 
analysis of canonical variates.
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principal components
Although the PCs of the atomic percentage data largely capture induced 
covariation, the scores on the composites yield some insights into oil 
shale petrology. The PCI scores are directly related to contents of 
the major heteroatoms and PC2 is directly related to S and C. Because 
of this relationship with C, PC2 is partly related to aromaticity. The 
maceráis in tasmanites, torbanites and numerous lacosites have low 
scores on both PCs and therefore are generally attractive for 
exploitation because of their aliphatic nature, lack of heteroatoms and 
consequent high yields of oil. Maceráis from the cannels, coaly 
lacosites and some bitosites have high scores on the first two PCs and 
therefore have diminished retort yields, largely due to the aromatic 
character of precursor organic matter. Holocene organic matter, which 
has undergone little or no diagenesis, has high 'heteroatom' scores. 
High rank organic matter would have high 'aromaticity' scores. Because 
of the induced correlations in percentage data, sources of variation 
such as organic precursors, diagenesis and maturation, cannot be 
interpreted for the PCs.
The 'open' nature of the log-centred data set allows interpretations on 
possible sources of variation. Scores on PCI are largely influenced by 
organic sources. Organic matter from the torbanites, tasmanites and 
some lacosites have high scores on this 'hydrocarbon' component. These 
cases have aliphatic sources and high yields of hydrocarbons. Most 
cannel and bitosite cases are characterised by low PCI scores and they 
have aromatic sources and lower hydrocarbon yields. The PC2 scores 
probably are mostly influenced by diagenesis, in particular sulphate 
reduction. Many of the lacosite cases have high PC2 scores and are 
enriched in N; they therefore probably underwent only minor diagenetic 
alteration. The paucity of S in these cases generally renders them 
more commercially attractive than cases that have low PC2 scores, such 
as the kukersite, most tasmanites and some other lacosites. Scores on 
PC3 are possibly related to the amounts of proteins in the progenitor 
material. Most bitosite and some lacosite cases have high PC3 scores 




The deposit types distinguished by discriminant functions have numerous 
interrelated controls. Delineation of these controls is commonly not 
possible on the basis of DF scores.
The first discriminant function from the atomic percentage data 
represents a unique combination of variables such that the groups are 
maximally distinguished. The structure of this function indicates the 
complex relationships of the groups with elemental composition. 
Definition of DF1 in terms of the elemental variates is therefore 
obscure but it largely represents a lack of C. Interpretations based 
on DF1 scores are also obscure but aromatic organic matter, which has a 
low potential to yield oil, generally has low scores; more aliphatic 
cases, which have higher yield potentials, generally have high scores. 
Mature cases would have low scores on DF1. The second discriminant 
function has a clearer meaning and mainly relates to 0 abundance. The 
oxygenated nature of macerals from the cannels and kukersites is 
exemplified by their high DF2 scores; this largely distinguishes them 
from the organic matter of bitosites and torbanites.
Discriminant function analyses of the LC data also yields a unique, 
first canonical variate, such that its relationships with the LC 
variables are poor and its meaning is unclear. Similar to analyses of 
the percentage data, this composite largely delineates the lacosite 
cases. Because some of the elemental characteristics of lacosites 
overlap with those of the other types, a unique combination of variates 
is required for discrimination. The second discriminant function, 
which largely separates cannels and kukersites from torbanites and 
tasmanites, mainly relates to LC 0. Cases that have high scores on DF2 
commonly contain some organic matter derived from higher-plants and are 
generally less attractive for exploitation than cases that have low
scores.
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8.5b Pyrolysis Variates and their Canonical Analogues 
8.5b i total organic carbon, S , and HI
Total organic carbon, S and S are the three most important pyrolysis 
variates to oil shale studies because of their relevance to organic 
richness, oil yield and organic matter characterisation.
Most cases have small amounts of because of their immaturity and 
absence of migrated oil. The large S contents of the low rank
Yallourn cannels probably originate from pyrolysis of macerals; 
Teichmtlller and Durand (1983) found that preserved organic matter may 
be the source of in peats and brown coals. These findings support 
the combination of and for analysis of the characteristics of low 
rank oil shales.
As shown by the strong relationship between total pyrolysates (S + )
and volume percentage of 'bituminite plus liptinite' (Figure 45), these 
macerals are the major sources of oil.
For the limited number of cases studied, the minor variation in
maturation, as indicated by R , has no systematic effect onV,max _
hydrogen and productivity indices (Figure 45). Although max
measurements on low rank oil shales have some limitations, any possible
increases in the HI of lamalginite due to selective loss of heteroatoms
probably occur at ranks greater than about 0.5% Rv max and any possible
increases in PI for the types of oil shales studied must occur at ranks
greater than about 0.6% \  max (Figure 45). These findings are
consistent with the generation of crude oil from alginite at higher
ranks than from other macerals. Partially mature lacosites that have
R values slightly greater than about 0.5% could be targeted in oil
V,max t
shale exploration programs because of their potentially increased
specific yields of retort oil. These parts of deposits could be
exploited initially, in order to counterbalance early capital
expenditure.
The lack of relationships between total pyrolysates and THI with pyrite 
abundance (Figure 45) indicates that the reducing environment
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associated with pyrite formation did not necessarily promote 
preservation of organic matter that gives considerable retort yields.
Although numerous analytical constraints exist, the lack of an H/C THI 
relationship (Figure 45) indicates that the capacity of macerals to 
yield oil is apparently not simply controlled by atomic H/C. According 
to mass balance considerations, H/C contents are important for oil 
yields but as numerous workers have suggested, additional factors such 
as chemical structures (Smith et al. , 1987), O contents (Orr, 1983; 
Bertrand, 1984; Saxby and Shibaoka, 1986) and S contents (Orr, 1986) 
may be critical. The complex nature of the relationships between 
chemical parameters and potential to yield hydrocarbons also 
contributes to the poor bivariate correlations between THI with 0/C and 
THI with S (Figure 45).
The high contents of organic matter and high oil yields of most 
torbanites, the Yallourn cannel and the kukersite indicate 
paleoenvironments that had high organic productivities, little clastic 
input and efficient preservation of lipid-rich organic matter. These 
types of oil shales are highly attractive for exploitation in some 
respects but the conditions that led to cannel and torbanite deposition 
normally were laterally and temporally limited.
Although lacosites and bitosites generally have lower gross yields of 
retort oil than torbanites and kukersites, the organic matter commonly 
has similar specific yields. With beneficiation, lacosites and 
bitosites are therefore attractive propositions for development. The 
environments that led to deposition of these organic matter-rich rocks 
had long durations over large areas. In comparison to the richer oil 
shales however the organic matter was diluted by additional mineral 
input or lower organic productivity or both. Most of the bitosites 
that have low HI values contain abundant bituminite whereas most 
lacosites that have low HI values contain considerable amounts of 
vitrinite. The HI values however, considerably vary for lacosites that 
contain greater than 90% by volume (MMF) lamalginite (Figure 45). This 
variation probably is mainly caused by variation in the chemistry of 
progenitor material and is due to differences in genus/species, growth 
stage and environmental factors. Cases that have high HI values are
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dominated by aliphatic organic matter, which originates mostly from 
lipid-rich material.
8.5b ii and OI
The amount of CC>2 produced from pyrolysis of organic matter could have 
important, environmental impact where oil shales are retorted on a 
large scale. Oxygen index along with HI, may be used to characterise 
organic matter, although some limitations exist.
The high S , high S and low T values for one of the Yallourn 3 1 max
cannels induces a fortuitous positive correlation between S with S3 1
and resulting, mutually high loadings of these variables on PCI; a
fortuitous negative correlation is induced between S and T . The3 max
high value probably is mainly caused by the very low rank and
consequent abundance of O-bearing functional groups in the organic 
matter.
The weak relationships between and OI with volume percentage of
'vitrinite + inertinite' probably is largely caused by the poor 
representation of cases that contain abundant 'vitrinite + inertinite' 
and by the complicating effects of rank. The slightly elevated 'oxygen 
indices' of the cannels and coaly lacosites are however partially 
caused by the high O contents of the vitrinite and inertinite present. 
This O, which is largely inherited from precursor lignins, leads to the 
production of C02 during pyrolysis.
Vitrinite/inertinite-rich oil shales are therefore less attractive for 
exploitation than the other oil shales because of the additional 
contributions to the potential 'greenhouse effect' and because of the 
lower quality of oils produced. Where coaly oil shales are to be 
exploited, slightly mature areas are preferential because of the loss 
of O-bearing functional groups during early coalification. For 
carbonate—rich oil shales, the C02 produced from organic matter would 
be minor as compared with the C02 produced from the minerals.
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8.5b iii Tmax
The temperature of maximum weight loss during pyrolysis is important 
for oil shale utilisation because it relates to the amount of energy 
input for the retorting process. The T parameter is also relevant 
to characterisation of oil shales.
Althouqh some T relationships are fortuitously induced by themax
anomalously low rank cannels from Yallourn, a negative correlation
remains between T with PI and T with 01 where these cases aremax max
excluded. The control of organic matter type on T and PI at lowmax
maturities cause these negative correlations, the lack of a
T — R relationship, the positive correlation of T with HImax V,max max
(with omission of the anomalous Yallourn cases) and the positive
correlation of T with amount of liptinite. The outlier to themax
relationship between T and percentage liptinite has a higher rank 
than the other cases.
The positive relationship between T and HI is unfortunate in 
economic terms because more energy is required to obtain retort oils 
from the high-yielding organic matter than from the low-yielding 
organic matter. The lower yields of some organic matter however may be 
partially compensated by the lower amounts of energy input required.
For the cases of the present study, all of which are immature, the
negative relationship between T with atomic percentage of C is due
to increases in T with increases in H/C and with the relativemax
decreases in C. The high H/C values correspond with an abundance of 
cross-linked, aliphatic chains, which necessitate breakage of strong 
C— C bonds for the formation of oil.
Torbanites and lacosites are characterised by high T values becausemax
of the dominance of aliphatic functions. The prevalence of these
structures is largely caused by the lipids and lipid-like compounds in
the precursor material. Although the alginite in these oil shales has
high yields, more energy is required for retorting than for the
macérais in other shales. High concentrations of the alginite may
compensate for this extra energy input because T does not increasemax
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with TOC. Much of the variation in T for the lacosites is probably
caused by mineral effects, the presence of other macerals and a
variation in T for lamalginite. max
Less energy is generally required for retorting cannels than for other
oil shales but the oil yields are also less. The T values are lowermax
because the abundant heteroatomic bonds and associated C linkages are 
weaker than aliphatic bonds.
The kukersite and bitosites require intermediate inputs of heat for 
retorting and have intermediate amounts of the two basic types of 
chemical bonds that affect T . The bitosites however generally have 
lower oil yields than the kukersite and therefore are not as attractive 
for exploitation.
8.5b iv canonical variates
principal components
Scores on principal components may offer some insights into selection 
of oil shales for a desirable combination of qualities for 
exploitation. In the present study however, the small size of the data 
set and nonrepresentative sampling cause the canonical variates to have 
a very restricted application.
Because PC2 directly relates to organic richness and oil yield, it 
represents a critical aspect of oil shale quality. High PC2 scores 
indicate deposition in an environment which had high organic 
productivity and involved preservation of abundant, lipid-rich,
aliphatic organic matter. The first principal component relates to the 
amounts of 'free hydrocarbons' present and amounts of CC>2 generated 
¿nring retorting, both of which may be crucial where oil shales are 
retorted on a large scale.
With regard to economics of exploitation, high scores on PCI are 
generally desirable because less energy input is required for retorting 
and any present offers an additional source of oil. With regard to 
environmental problems associated with CC>2 emissions, low PCI scores
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are desirable. The PCI scores that apply to the most attractive cases 
for utilisation depend on the compromises to be made.
discriminant functions
Similar to DFA of elemental data, the extracted canonical variate that 
offers maximum separation of groups for the pyrolysis data is unique in 
terms of the original variables and therefore has only low to moderate 
correlations with them. Low scores on DF1 are generally desirable 
because of the moderate, negative loadings of TOC and S^. This is
exemplified by the low scores of torbanites, kukersites and some
lacosites. Similar to PCI, the optimal DF2 scores vary according to
the desired characteristics. Discriminant function analyses of the 
pyrolysis data set has serious limitations because of the lack of 
cases; multivariate analyses of larger data sets would offer further 
insights.
8.5c Case Relationships and Synopsis
Powell et al. (1982) summarised four major factors that lead to poor
correlations between organic petrographic and organic geochemical 
variates: "unrepresentative kerogen concentrates”, "inadequate
definition of amorphous organic matter", "inadequate quantitative
estimation" and "inadequate correlation of organic matter types to 
source potential". Although the first three of these constraints 
partially apply to the present study, their reduction has allowed the 
analyses of variates to reveal that geochemical and petrographic 
characteristics are largely related. Elucidation of the relationships 
has been enabled by the use of 'whole-rock' samples for petrographic 
analyses, thorough demineralisation, statistical analyses and a 
modified classification based on maceral assemblages. The 
correlational procedures used in the present study lead to the 
development of integrated classification schemes based upon both 
chemical and petrographic characteristics.
Relationships between cases may be represented in a variety of forms. 
Plots of elemental subcompositions such as H/C— O/C, and related 
diagrams such as those involving HI— 01, are popular largely because of
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their convenience and ease of interpretation. For example, H/C and 0/C 
values may facilitate determination of precursor organic matter types, 
postdepositional effects, potential hydrocarbon yields and dominant 
chemical structures. Classifications based on these diagrams have 
rarely, if ever, been statistically quantified and they have seldom 
been related to maceral assemblages. The petrologically defined groups 
of the present study plot within various fields of the subcomposition 
diagrams but considerable overlap exists due to variable maceral 
compositions within the groups and due to variable characteristics of 
individual macerals. Consideration of the petrology and recognition of 
maceral assemblages however offers numerous advantages over the 
classical, arbitrarily designated three- or four-group 'kerogen' 
classification.
Cluster analyses yield distinct, natural groupings based purely on 
geochemical characteristics. In some respects, the three-group 
solution is analogous to 'Types I, II and III' except that the groups 
are statistically derived. For the large elemental data set, one group 
comprises high-rank, aromatic cases that have low oil yields. This 
group lies most proximal to the origin. Another group comprises low 
rank, aliphatic cases that have high yields and plot most distal to the 
origin. The last group has intermediate characteristics to those of 
the other two groups. Mainly because of the complicating effects of 
rank and maceral composition, each of these groups consists of mixtures 
of deposit types.
The nine-group solution for the petrographically controlled data set 
yields more homogeneous clusters that are largely consistent with the 
oil shale types. In this analysis, some effects of mixed maceral 
assemblages are accommodated (e.g. separation of lacosites that contain 
abundant vitrinite). This cluster analysis is a proposed, preliminary, 
alternative H/C— 0/C classification system for organic matter in oil 
shales. Because the groups are statistically defined, the divisions 
have more validity to oil shales and other potential petroleum source 
rocks than the conventional 'kerogen type system'.
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A superior scheme arises however from cluster analysis that involves 
all elemental variables because no information is lost. The ten 
clustered groups of this analysis may be characterised according to 
progenitor material, depositional environment, oil yields and 
exploitation potential. For example, cases that have some higher-plant 
sources and consequently have large contents of heteroatoms and 
depleted H contents, generally are poor prospects for exploitation.
Cluster analysis may be used to quantify pyrolysis data through 
consideration of all variables or simply HI and 01 values. For the 
limited number of cases in the present study, the three-group solution 
of HI— 01 data produces a low oil-yielding group, a high-yielding 
group, each of which have low 01 values, and the Yallourn cannel, which 
has high HI and OI values.
For the cases of the current study, a superior HI— 01 classification 
involves five groups. The group characterised by the highest specific 
yields comprises lacosites, a bitosite, the torbanite and the 
tasmanite, whereas the group characterised by the lowest yields 
comprises the cannels, a bitosite and a lacosite. Similar to cluster 
analysis of the elemental data, the statistical basis of this analysis 
gives the divisions more validity than the convential three- or 
four-type 'kerogen classification'.
Cluster analysis of pyrolysis data that involves all variables offers 
additional advantages because all information is considered. This 
analysis delineates three natural groupings that are largely related to 
the petrological groupings. The cluster characterised by high and 
TOC values comprises the torbanite, the kukersite and a few lacosites.
The close relationship between organic petrological groupings and 
organic geochemistry is also exemplified by discriminant function 
analyses. On the basis of geochemical variates, the percentage of 
cases correctly classified into petrological groups is high for all 
analyses, especially with consideration to the limitations of the data 
that hinder group prediction. In general, the most difficult groups to 
distinguish chemically are the lacosites from the torbanites and the 
torbanites from the tasmanites. Discriminant function analyses
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indicates that elemental characteristics vary according to lithology. 
Carbon and H are the atomic percentage variates most relevant to 
discrimination but the heteroatoms are the most noteworthy for the 
'open' data array. For the 'closed' and 'open' data, S and N have a 
large influence on discrimination of retort oils according to petrology 
of the parent rock.
The elemental composition of organic matter in oil shales 
systematically varies with petrology because of the common sources of 
influence. The patterns of variation are relevant to oil shale 
exploitation because of the numerous effects the elements have on 
utilisation processes and on the environment. Carbon and H are the 
most abundant elements on an atomic basis and are the most important 
with regard to retort yields. For organic matter in the oil shales of 
the present study, H and C contents are mainly controlled by progenitor 
material, to a lesser extent by diagenesis and only slightly by 
maturation.
Precursor organic matter is also an important control on 0, but 
diagenesis and maturation are probably also considerable sources of 
variation. Where abundant organic 0 is present, oil yields and the 
quality of retort oils as a source of fuel are compromised.
Nitrogen is also an undesirable element in fuels and its presence in 
maceráis is detrimental to the retorting process. Postdepositional 
effects are probably the main controls on N abundance although 
predepositional factors are also relevant.
The distribution of S, which is the least abundant element in the cases 
studied, is mainly influenced by anaerobic, diagenetic processes. The 
chemistry of the overlying water is an important controlling factor 
because of the dependence of these processes on the depositional 
environment. Sulphur is generally undesirable because of environmental 
problems and adverse effects on oil quality.
Alginite, which originates mostly from resistant algal lipids, is 
largely aliphatic and contains few polycyclic structures. It has high 
specific retort yields. The low amount of heteroatoms present causes
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the pyrolysis products to be rich in high quality oils and poor in CO^ . 
The oils generally require less processing than oils from other 
macérais. The organic O contents of kukersites and the organic N 
contents of some lacosites such as some of those from the Green River 
Formation, could be detrimental to retorting processes and products. 
The high temperature of maximum rate of weight loss during pyrolysis of 
torbanites and lacosites suggests that a high input of energy is 
required for retorting. Some tasmanites are not attractive prospects 
for exploitation because of the S present in their retort oils; this S 
probably originates mostly from bituminite. According to organic 
geochemical parameters, torbanites, tasmanites, kukersites and 
lacosites offer the greatest potential for commercial development but 
torbanites and tasmanites have diminished viability because of their 
limited potential resources.
Bituminite probably originates largely from algal cellulose, 
lipoproteins, lipopolysaccharides and lipids, all of which are not as 
resistant to decay as alginite precursors. Some polycyclic structures 
are present in bituminite and the H/C values and specific yields of 
retort oils are moderately low. The contents of N and S in bituminite 
and its retort oils present additional difficulties in ensuring 
environmentally safe and economically viable exploitation of 
bituminite-dominated oil shales.
Vitrinite largely originates from moderately resistant saccharides of 
higher-plants. It is generally more aromatic than algal organic matter 
and therefore has lower specific retort yields. Because of the 
abundant 0 in vitrinite, considerable amounts of CO^ are produced upon 
retorting and the oils are 0 rich. The exploitation potential of 
cannels and other oil shales that contain abundant vitrinite is 
therefore generally poorer than those of other oil shale types although 
the early oil shale industry was based on cannel deposits.
Slight amounts of maturation may increase the potential of all oil 
shale types for utilisation. With minor increases in rank, organic 
matter loses heteroatoms. The oil yields and oil quality are therefore 
increased and problems associated with pyrolysis processes and the 
environmental are decreased. For alginite-dominated deposits, areas
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that have a maturation greater than about 0.6% R and less than_ V,max
about 0.8% Rv could be preferentially explored for and exploited.
Bituminite loses heteroatoms and generates crude oil at lower ranks
than alginite. Bituminite-dominated deposits therefore should
preferably have a maturation level greater than 0.3% R and less_ V,max
than about 0.6% R such that potential hydrocarbons are not lost.v , max
If generated hydrocarbons of slightly mature oil shales are present as 
bitumens within the rocks, the maturity is not detrimental; in some 
cases, the maturation could be a natural beneficiation process.
The statistical analyses of data on organic matter in oil shales
indicates that geochemical and petrographic variates are interdependent 
and that classifications based on the two suites of variables are
largely compatible.
The characteristics of retort oils are largely controlled by
characteristics of the parent organic matter.
Analyses of the variation in geochemical characteristics enable 
generalised interpretations on the potential for exploitation of the 
various types of oil shale. Further multivariate analyses of larger, 
more representative data sets would relieve many limitations of the
present work and would enable inferences to be made for more deposits.
CHAPTER 9 CLASSIFICATION OF OIL SHALES. COALS AND OTHER ORGANIC
MATTER-RICH ROCKS
9.1 Introduction
Any taxonomic grouping of rocks should be relevant to numerous 
petrological characteristics and preferably should be applicable to 
practical aspects. The organic petrological work of the present study 
has led to development of a fully comprehensive classification system 
for oil shales, coals and other organic matter-rich rocks.
Unlike most of the other classification schemes introduced to date, the 
proposed taxonomy integrates geochemical and petrographic parameters. 
The system proposed offers advantages over the few other existing 
schemes because of this integration, the wide range of rocks 
encompassed and the provision of detailed subdivisions that relate to 
numerous aspects of characterisation and utilisation. For example, it 
has numerous advantages over the widely accepted '3-type' system of 
Tissot et al. (1974) largely because of the recognition of 
heterogeneous assemblages of organic matter.
The proposed classification not only applies to studies of oil shales 
and other potential source rocks for petroleum but also relates to the 
analysis of organic matter-rich facies in general. The preliminary, 
fundamental categories introduced in Chapter 2 (largely modified from 
Hutton et al., 1980; Cook et al., 1981; Hutton, 1986a; 1987a) offer 
a base from which the proposed scheme is elaborated. The present 
study, in particular the statistical analyses of organic petrographic 
and organic geochemical data, substantiates the basic scheme and 
enables revision and subdivision of the groups such that further 
insights into practical aspects are gained.
The integrated studies indicate that subdivision of the major 
categories, employed as 'deposit types' in Chapter 8, is desirable 
because of the profound differences in characteristics of the various 
maceral assemblages present within a basic oil shale division. The 
proposed classification provides for the variation in geochemical and
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numerous other properties, between various maceral assemblages. This 
approach involves two major levels of oil shale classification: the 
basic level, which comprises the 'deposit types' of Chapter 8 and the 
extended level which comprises the 'oil shale types' of Chapter 8.
Because of the common sources of variation for petrographic and 
geochemical variates, the taxonomy based on these characteristics 
additionally relates to environments of deposition and consequently 
also to grades and sizes of deposits. Characteristics of retort oils 
and parameters associated with oil shale processing are also related to 
the various oil shale categories. Statistical quantification of the 
differences in properties between the various oil shale types and their 
retort oils (Chapter 8) substantiates employment of the proposed 
groupings.
Published classification systems for oil shales have largely been based 
upon oil yield (e.g. 'high-, medium- and low-grades') or bulk chemistry 
of the organic matter (e.g. the 'types' of Tissot et al♦ , 1974). The 
petrographically derived nomenclatures proposed to date (see Chapter 3 
for a review) are normally defined according to compositions that are 
at best, semi-quantitatively defined. They are therefore overly 
generalised and are restricted in their application. Most of these 
systems are at the level of the 'deposit types' of the present work. 
Few classifications have involved integrated geochemical and 
petrographic parameters and few or none, have involved statistical 
analyses of relationships.
Because oil shales grade into and have overlapping characteristics with 
coal and other organic matter-rich rocks, the proposed classification 
system includes these other lithologies. The system therefore 
accommodates a wide variety of rock types and relates to numerous types 
of petroleum source rocks, although it is mainly oriented towards oil
shales.
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9.2 Primary Subdivision of Organic Matter-rich Rocks 
9.2a Coals
In the proposed classification, coal is defined as a rock that contains 
at least 80% by volume organic matter, which typically comprises 
dominant vitrinite and inertinite (Figure 76). Some rocks that have 
dominant liptinite have classically been categorised as coals, such as 
some 'sapropelic coals', but maceral group contents diagnostic of these 
rock types normally have not been defined (e.g. Stach et al., 1982).
Because oil shales are defined in the present study as rocks that 
contain major amounts of 'liptinitic' organic matter (i.e. including 
liptinite and bituminite) and that have considerable yields of retort 
oil, some overlap exists between coals and oil shales. To aid in 
delineation of coals from oil shales, 'humic coals' are designated in 
current work as coals that typically contain less than 10% liptinite; 
the term 'bituminite' is reserved for a maceral of marine-deposited 
rocks and is regarded as 'liptinitic' rather than as a liptinite. Some 
coals that contain more than 10% liptinite however have been 
conventionally categorised as durains, or to a lesser extent, clarains. 
In the present study, these rocks are classified as liptinite-rich, 
humic coals.
In classical usage (e.g. Stach et al., 1982), humic coals have not been 
separated from sapropelic coals on the basis of maceral composition but 
in the current work, sapropelic coals are designated as coals that 
typically contain 10% or more liptinite and they are regarded as oil 
shales. Some rocks that have been conventionally classified as 
sapropelic coals, such as some boghead coals, may however contain less 
than 10% liptinite. According to Alpern et al. (1989), 'sapropelic 
coals' contain 10-50% ash, less than 60% by volume vitrinite on a 
mineral-free basis and more liptinite than inertinite. He gave the 
same definition for oil shales except that they have 50-90% ash. The 
term 'sapropelic' is employed in the present study because of its 
widespread use: as used in the current work the term does not signify 
an anoxic water column for the depositional environment.
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At the secondary level of the proposed coal classification, the 
'sapropelic' varieties are divided into three categories according to 
the dominant liptinite present (Figure 76). Coals dominated by 
liptinite derived from algae are generally deposited under standing 
water whereas the other types may be deposited in terrestrial 
environments or under standing water. Lacositic coals are poorly 
documented but some Paleozoic coals identified as cannels may contain 
considerable amounts of lamalginite and possibly could be classified as 
lacositic coals. From examination of a liptinite concentrate of a 
brown coal from Victoria, Australia, Taylor and Liu (1989b) identified 
lamalginite derived from Pediastrum as the dominant component. 
Hagemann and Wolf (1989) identified "lamalginite (bituminite)" in some 
coals from the Saar-Lorraine Basin of Germany but this organic matter 
is thicker and more lensoidal than the organic matter classified as 
lamalginite in the present work.
9.2b Other Organic Matter-rich Rocks
'Organic matter-rich rocks' as defined in the present study, contain at 
least 10% organic matter by volume. Oil shales are differentiated from 
coaly shales on the basis of the contents of liptinitic maceráis 
(Figure 77). Most rocks classified in the literature as carbonaceous 
shales would probably be included in the 'coaly shale' group but some 
would be designated as oil shales.
Bitumen—rich rocks as defined in the current work, contain at least 10% 
bitumen; therefore, bitumen-rich coaly shales, bitumen-rich oil shales 
and bitumen-rich coals are possibilities. Bitumen-rich oil shales are 
characteristic of the Green River Formation (Plate 3) and oil shales of 
Southampton Island in the Northwest Territories, Canada (Plate 8g; 
Appendix 3).
Because bitumen is a secondary product, bitumen-rich rocks may be 
deposited in a variety of environments. Oil shales are normally 
deposited under 'open-water' whereas coaly shales may be deposited in 
moors or under 'open-water'.
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9.3 Classification of Oil Shales
Oil shales are divided into four primary groups according to the 
dominant liptinitic macerals present (Figure 78). Lamalginite is 
dominant in lamosites, telalginite is dominant in telosites, bituminite 
is dominant in bitosites and liptinite derived from higher-plants is 
dominant in cannels.
Lamosites are subdivided into those deposited in marine environments 
and those deposited in lacustrine environments and telosites are 
subdivided according to the genus of precursor algae, as discussed in 
Chapter 2. The well-established terms, 'torbanite', 'tasmanite' and 
'kukersite' are retained for the subdivisions of telosites. These 
subdivisions effect a separation of the oil shales deposited in 
nonmarine environments (torbanite) from those deposited in marine 
environments (tasmanite and kukersite). Torbanites as well as cannels 
are commonly designated as coals but in the current work, they are also 
members of the oil shale group.
Lacosites are subdivided into two types based on the form of 
lamalginite (Figure 78). The term 'Rundlesite' applies to oil shales 
that are similar to the characteristic lacosites of the Rundle deposit; 
they typically contain discrete lamellae of lamalginite that are less 
than 1 mm in length and less than 0.005 mm thick (Plate 2). 
'Mahogosite' is a type of lacosite similar to those of the Mahogany 
Ledge of the Green River Formation (Plate 3). These rocks contain 
lamalginite that is generally thicker (up to 0.5 mm or more in 
thickness) and more continuous along bedding planes (commonly much 
greater than 1 mm) than that of Rundlesites. These two divisions apply 
to possible end members of the variation in lamalginite deposited in 
lacustrine settings.
The term bitumenosite is proposed for rocks that have bitumen as the 
dominant form of organic matter; these rocks are distinguished from 
oil shales.
A further level of classification effects a division of oil shales 
according to contents of the principal liptinitic macerals. Separation
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of three of the major groups of oil shales is illustrated in Figure 79. 
Arbitrary boundaries are set for the amount of each maceral type at 50% 
by volume on a mineral matter-free (MMF) basis. Assemblages other than 
those shown in the figure exist and other ternary diagrams are 
applicable. For example, a triangle that has lamalginite, telalginite 
and liptinite derived from higher-plants designated at its apices would 
delineate some groups of oil shales deposited in nonmarine 
environments.
More detailed subdivision enables classification of the variation in 
rock types transitional to the end members. Figures 80 to 82 represent 
some of the common maceral assemblages that may be delineated. The 
boundaries illustrated in the figures relate to maceral compositions 
but they are set with consideration to geochemical characteristics. 
The divisions of rock types therefore apply to numerous petrological 
aspects.
Although Figures 78 and 79 encompass the basic variations in maceral 
composition, the level of detail provided by Figures 80 to 82 is 
necessary for elucidation of many petrological characteristics. The 
distinctions between cannel coal and coaly cannel, between lacositic 
coal and lacositic shale, between humic coal and coaly shale and 
between torbanitic coal and torbanitic shale are based upon the amount 
of minerals present. As mentioned above, coals as designated in the 
present study contain less than 20% minerals by volume.
Ternary classification diagrams for nonmarine oil shales could include 
bituminite but in the current work, the term is reserved for marine 
occurrences.
Organic geochemical studies (Chapter 8) indicate that oil shales 
containing greater than about 10% by volume (MMF) bituminite, vitrinite 
or inertinite (i.e. macerals other than liptinite) have markedly 
altered chemical characteristics from those containing less than 10%. 
The changes in geochemistry are gradational over the range in maceral 
composition but 10% appears to be a logical value to use for 
delineation. This boundary is therefore partly arbitrary but 
geochemistry is considered. Similarly, boundaries are set at the 10%
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level for liptinite contents to subdivide coaly rocks and to subdivide 
bituminite-rich rocks (Figures 80 to 82).
Classical usage of the term 'humic coal' necessitates the humic 
coal/coaly shale grouping to extend to rocks that contain up to 50% of 
liptinite derived from higher-plants (Figures 80 and 81). In the 
present study, coals that contain between 10% and 50% (by volume, MMF) 
of this liptinite are termed liptinite-rich humic coals; coaly shales 
that contain between 10% and 50% (by volume, MMF) of this liptinite are 
termed liptinite-rich coaly shales. Nevertheless, some coals that have 
greater than 50% of liptinite derived from higher plants have been 
conventionally regarded as humic coals but in the proposed 
nomenclature, they are classed as cannel coals.
A rock that contains at least 90% (by volume, MMF) of bituminite is 
separated from those that contain less than 90% (Figure 82) and the 
term 'Poseidonite' is proposed to represent the bituminite-rich cases. 
This term is modified from the 'Posidonienschiefer' of Germany, which 
was a major unit examined by Teichmuller (e.g. Teichmuller and 
Ottenjann, 1977) in the studies that led to proposal of the term 
bituminite (e.g. Teichmuller, 1982b; 1983; 1985; 1987).
9.4 Discussion
A summary of some generalised characteristics of the various oil shale 
divisions is presented in Table 58a and b. The divisions of the table, 
which are discussed below, relate to the generic classification 
presented in Figure 78 and they encompass the transitional types 
indicated in the ternary diagrams (Figures 79 to 82). For example, the 
description of torbanite includes that for coaly torbanites;
torbanitic coals have characteristics between coaly torbanites and 
humic coals and are not included in the table. The properties of the 
oil shale groups are described in generalised, qualitative terms in 
relation to the other groups.
Some of the 'related terms' listed represent subdivisions of the oil 
shale category (e.g. resin coal and spore coal, under cannels) but most 
(e.g. carbonaceous shale) represent a wide spectrum of rock types.
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The problems caused by sulphur are listed under 'processing 
constraints' for oil shales that commonly have higher sulphur contents 
than the other types but any deposit that contains large amounts of 
sulphur is problematic for potential exploitation.
9.4a Organic Matter-rich Rocks Deposited in Nonmarine Environments
9.4a i liptinite-rich humic coals and liptinite-rich coaly shales
Organic matter in humic coals and coaly shales is generally dominated 
by vitrinite, inertinite or both. Vitrinite is the main maceral group 
of most coals but some Permian, Triassic, Jurassic, Cretaceous and 
early Tertiary occurrences contain more inertinite than vitrinite (Cook 
and Sherwood, 1991). Liptinite is the dominant maceral group of some 
coals that are conventionally designated as humic coals.
Much of the organic matter in humic coals and coaly shales accumulates 
as peat and is derived from higher-plants. The liptinite macerals 
mostly comprise sporinite, resinite, cutinite, suberinite and 
liptodetrinite; minor amounts of alginite may be present and 
micrinite, as a coalification product, is commonly associated with the 
liptinites. Products of bacterial and fungal decay are ubiquitous in 
these and other organic matter-rich rocks but are normally not 
recognised with employment of conventional reflected white light and 
fluorescence—mode microscopy. The main microlithotypes included in the 
group of liptinite-rich humic coals are clarite, durite, duroclarite 
and clarodurite.
Humic coals and coaly shales are mainly deposited in terrestrial 
regimes, mostly in swamps. The associated epiclastic facies, which may 
include some coaly shales, ranges from channel and barrier sandy 
sediments to levee and overbank deposits. With increases in water 
depth, overbank peat facies grade into open-water lacustrine facies.
The organic matter derived from higher-plants and deposited in swampy 
facies mostly comprises carbohydrates and therefore forms macerals rich 
in heteroatoms and poor in hydrogen (Table 58). The specific oil
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yields are therefore generally low but the facies commonly contains 
high concentrations of organic matter and they may be laterally 
extensive. Because compositions of the retort oils are related to 
those of the maceral sources, the oils generally are poor in quality 
and have restricted uses. High oxygen contents of the organic matter 
cause severe limitations on environmentally safe processing because of 
carbon dioxide contributions to 'greenhouse gases'. Some of the 
constraints on exploitation of these rocks as oil shales are offset by 
the potential to develop coal industries based on associated 
liptinite-poor facies.
Exploration for liptinite—rich humic coals and liptinite—rich coaly 
shales could be planned similar to conventional exploration programs 
for coals but with an emphasis towards different facies. The most 
promising targets involve depositional settings where the precursor 
plants were rich in resins, cuticles, spores and suberin and where the 
environment led to enhanced preservation of the lipid-rich material. 
In many instances, these settings are in the subaquatic facies of coal 
deposits. Organic matter derived from tropical higher-plants commonly 
contains abundant wax and Carboniferous plants were commonly rich in 
spores (Stach et al., 1982).
Numerous coal measures contain liptinite-rich facies. These facies are 
well documented for various German coal measures such as those of the 
Lower Rhine area, the Wealdon coal basin, and the Ruhr Valley (Stach et 
al., 1982).
9.4a ii cannels
During the industrial revolution, cannels formed a base for the first 
considerable petroleum developments.
Organic matter in cannels is dominated by liptinite derived from 
higher-plants (Plate 6a, b; Appendix 4); vitrinite, which mainly 
comprises detrovitrinite (i.e. detrital vitrinite such as 
desmocollinite) is normally secondary in abundance. The dominant
liptinite macerals are similar to those of humic coals and coaly shales 
but cannels may also contain abundant alginite. The alginite is mostly
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Botrvococcus-related telalginite and in rare cases is lamalginite. 
Some of the organic matter in cannels probably originates from floating 
sedges, littoral plants, degraded algal material, degraded microbial 
remains and humic detritus, which partly originates from reworked peat. 
The main microlithotypes of cannel coals are clarite, durite, 
vitrinertoliptite, and liptite.
Cannels were deposited mostly in subaqueous regimes, commonly in 
littoral lacustrine facies, but they also may be deposited in low moors 
and marginal marine settings. The facies laterally grade into 
lacustrine and proximal marine deposits as well as humic, peat-derived 
coals and coaly rocks. Gradations from humic coals to cannels commonly 
represents a deepening of water for the depositional setting; with the 
deepening, the amounts of vitrinite and inertinite decrease and amounts 
of detrital minerals and algal liptinite increase.
Although a floral suite rich in lipid-rich material such as spores, 
pollen, suberin and resin, is a contributing factor for deposition of 
cannels, concentration of the resistant lipids by biological and 
physical processes is critical. The environments in which cannels were 
deposited normally led to extensive degradation of cellulose and lignin 
and a consequent selective preservation of the liptinite precursors. 
The detrital nature of many cannels suggests that transportation may 
have been relevant to the loss of humic material.
The organic matter of cannels contains fewer heteroatoms and more 
hydrogen than the organic matter of humic coals and coaly shales and 
consequently the specific oil yields are greater and the oil qualities 
are generally superior (Table 58). Because liptinite derived from 
higher-plants is less aliphatic than alginite however, the specific 
yj_03_ds and oil quality are less than those of most other oil shales. 
Similar to humic coals and coaly shales, the high concentrations of 
organic matter may offset the lack of quality. Although organic oxygen 
contents of cannels are less than those of humic coals and coaly 
shales, the amounts of oxygen are a constraint on processing because of 
high carbon dioxide emissions. The nature of the depositional 
environments lead to only moderate deposit sizes but the potential for 
associated coal industries and for development of any related oil shale
PLATE 6 Photomicrographs of Some Coaly Camels, Some Torbanites, a Coaly Torbanite and a Kukersite
a. Yalloum coaly camel, Victoria, Australia; sanple 12827 (spot sample)
Layered cutinite (bright yellow; centre), liptodetrinite (yellow flecks), suberinite fragments (medium yellow; disseminated) and sporinite 
(bright yellow; lower left) in a mineral matrix.
Field width = 0.89 mm; fluorescence-mode; oblique to bedding
b. Eue la Basin coaly canne l. South Australia; sanple 12550 (drill core sanple)
Suberinite fragments (bright to medium yellow stringers), liptodetrinite (yellow flecks) and sporinite (bright yellow; centre and lower right) 
in a mineral and vitrinite matrix.
Field width = 0.28 mm; fluorescence-mode; oblique to bedding
c. Hunter Valley torbanite, NSW, Australia; sa^>le 17066 (drill core sanple)
Botryococcus-related telalginite (Reinschia) with minor hunic and mineral matter.
Field width = 0.70 mm; fluorescence-mode; perpendicular to bedding
d. Middle River Seam torbanite, NSW, Australia; sanple 10366 (spot sanple)
Botryococcus-related telalginite (Reinschia) with interstitial humic and mineral matter.
Field width = 0.44 mm; fluorescence-mode; oblique to bedding
e. Joadja torbanite, NSU; sanple 7360 (mine adit sanple)
Botryococcus-related telalginite (Reinschia) with interstitial humic and mineral matter.
Field width = 0.23 mm; fluorescence-mode; perpendicular to bedding
f. Alpha torbanite, Queensland, Australia; sanple 8852 (spot sanple)
Botryococcus-related telalginite (Reinschia) in a hunic and mineral matter matrix.
Field width = 0.54 mm; fluorescence-mode; perpendicular to bedding
g. Westfield torbanite, Scotland; sanple 8569 (spot sample)
Botryococcus-related telalginite (Pila) in a humic and mineral matter matrix.
Field width = 0.23 mm; fluorescence-mode; perpendicular to bedding
h. Mae Sot torbanite lamina associated with lacosite, Thailand; spot sanple 
Botryococcus-related telalginite (yellow) in lacosite matrix (underexposed).
Field width = 0.80 mm; fluorescence-mode; perpendicular to bedding
i. Estonian kiicersite, SSR; sample 11336 (spot sanple)
Gloeocapsomorpha-related telalginite with minor mineral matter.




deposits such as lacosites or torbanites, could increase the 
exploitation possibilities for cannels.
Exploration for cannels should be directed largely towards 
subaquatically deposited facies associated with coal deposits. Cannels 
generally occur towards basin centres from humic coals and coaly 
shales. Cannel deposits commonly overlie humic coal seams but they 
also may exist at the base (Stach et al. . 1982). Similar to 
exploration for liptinite-rich humic coals, special consideration could 
be made to facies of Carboniferous coal seams deposited under tropical 
conditions. Littoral to epilittoral facies of lacustrine and marine 
paleoenvironments that had bordering swamps are also potential targets.
The cannel group may be subdivided according to the dominant form of 
liptinite; these subdivisions include sporinite cannels, suberinite 
cannels and resinite cannels (cf. Table 58).
Similar to liptinite-rich humic coals and coaly shales, cannels exist 
as a facies of numerous coal measures sequences (Table 58); those of 
the Ruhr Valley in Germany are especially well documented.
9.4a iii torbanites
In the late 1800s to early 1900s, considerable oil shale industries in 
Australia and Scotland were based on torbamte deposits. Australian 
production terminated in the mid—1920s but was revitalised during World 
War II fuel shortages.
Torbanites contain dominant telalginite derived from
Botrvococcus-related genera (Plate 6; Appendix 4). Other liptinites 
such as sporinite and liptodetrinite are present in variable amounts 
and torbanites commonly grade into cannels. Variable amounts of
detrovitrinite and inertinite are normally also present; the
inertinite mostly comprises inertodetrinite and micrinite but other
types may also occur.
Two generic types of telalginite have been identified in torbanites 
Reinschia, which is a bulbous, spheroidal form (Plate 6c-f) and Pila
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which is a fan-shaped form (Plate 6g). Torbanite deposits are normally- 
dominated by one alginite type. For example torbanites of the Sydney 
Basin in Australia contain Reinschia (Plate 6c, d, e) and torbanites of 
the Ruhr Valley in Germany and Autun in France contain Pila; some 
occurrences such as some Scottish and South African torbanites, however 
contain both types (Stach et al ♦ , 1982).
Extant Botrvococcus is a planktonic, green alga that mainly grows in 
freshwater but it also inhabits brackish and saline environments. It 
is widespread around the world and mostly occupies ponds, lakes and 
lagoons in temperate to tropical climates. Some Holocene sediments of 
the Coorong lakes in Australia and Lake Balkash in the USSR have rich 
accumulations of Botrvococcus braunii.
Torbanites mainly range from the upper Carboniferous to the Tertiary 
but Botrvococcus has a range from the Precambrian to Holocene 
(Tappan, 1980). Torbanites were deposited under standing water bodies, 
ranging from small, shallow lakes to swampy ponds. Facies associated 
with these oil shales are cannels, humic coals, humic shaly coals and 
lacustrine sediments such as claystones and lacosites. Coaly rocks 
could have been deposited when the water became shallow and lacustrine 
facies could have been deposited with deepening. Proliferation of the 
algae would have been promoted by high nutrient availability and other 
physico-chemical factors that led to blooming or to decreased 
competition. The resistance of the algal precursors to decay was 
probably a major factor that contributed to their preservation.
The lack of decay and the aliphatic and alicyclic nature of 
Botrvococcus leads to a maceral rich in H and poor in heteroatoms; it 
consequently has high specific yields of good quality oil (Table 58). 
Because many occurrences have high concentrations of the telalginite, 
gross oil yields are commonly very high. As mentioned in Chapter 8 
however, large inputs of energy are required for the retorting. 
Because torbanite depositional environments had limited durations and 
limited lateral extents, the deposits have small potential resources. 
Similar to the other oil shale types that have coal associations, the 
potential for exploitation of the coal could add to the attractiveness 
of torbanite exploitation.
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If torbanite deposits are an exploration target, the objectives would 
include the deeper water facies of coaly deposits (towards basin 
centres) and shallow water facies of lacosite and other lacustrine 
deposits (towards basin margins). Most torbanites occur as interbeds 
within coal measures sequences and many are present in Carboniferous to 
Permian strata.
The term 'boghead coal' has been widely used to designate 
telalginite-rich coals (e.g. Stach et al. , 1982; Tissot and Welte, 
1978; 1984) but it has not been defined according to maceral 
composition. The term torbanite, as used in the present study, is part 
of a nomenclature based on 'type' deposits; nomenclature for the other 
telosites and for other oil shale end members, such as Poseidonite, 
Mahogasite and Rundlesite, is also based on type examples. Employment 
of the 'torbanite' term allows for delineation of coaly members 
(i.e. coaly torbanite) and alginite-rich coals (i.e. torbanitic coals; 
Figure 80).
The 'type' location for torbanite is a seam in the Carboniferous at 
Torbane Hill, Scotland; other well-documented deposits exist in 
Carboniferous strata of Germany and Permian strata of Australia, France 
and South Africa (Table 58).
9-4a iv lacosites
Lacosite deposits have received attention more recently than cannels 
and torbanites; because of their large potential resource base, 
lacosites were intensely studied during the oil shortages of the late 
1970s and early 1980s. A further, protracted oil supply crisis and 
prices of about 40 to 50 US$ per barrel would probably lead to large 
scale development. Numerous deposits such as the Green River Formation 
and eastern Queensland occurrences have supported pilot-scale
operations.
Organic matter in lacosites comprises mainly lamalginite with 
subordinate amounts of sporinite, liptodetrinite, detrovitrmite, 
inertodetrinite and in some instances, Botryococcus-related telalginite 
(Plates 2, 3, 4, 6h). Some of the lamellar alginite has been proven to
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have planktonic precursors such as the freshwater, green alga 
Pediastrum. Some thick, laterally continuous lamalginite such as that 
of the Green River Formation may however have benthonic origins.
Lacosites are persistent through the geological record and range from 
the middle Proterozoic to the Tertiary. Tertiary deposits are the most 
widespread and generally are the most economically attractive.
Lacosites were deposited in lacustrine settings that had variable water 
depths, variable lake chemistries and high nutrient availabilities 
which led to proliferation of the biochemically resistant algae 
(see Chapters 4, 5 and 6 for extensive discussions on depositional 
environments for some lacosites). The depositional settings were 
probably at least partly inhospitable to predatory and other competing 
organisms. The climate was a contributing factor for lacosite
deposition. Warm, humid conditions would have promoted the formation 
of lakes and algal growth; climatic changes would have caused variable 
lake conditions. Many of the settings are postorogenic but these are 
not mandatory for lacosite deposition. Lacosite-bearing facies may be 
associated with saline mineral suites, marls, coaly rocks and 
epiclastic rocks that include desiccated mudstones.
Although the lamalginite of lacosites is less aliphatic and alicyclic
than the telalginite of torbanites, the lamalginite has moderate to
high H/C values, has low to medium contents of heteroatoms and yields
considerable amounts of moderate to good quality retort oil (Table 58).
The depositional settings of lacosites commonly were laterally and
temporally persistent such that their resource potential is large; the
Green River Formation of the USA has a potential resource of up to 
9 .8000 x 10 barrels of shale oil. Because many lacosite deposits are 
Tertiary and consequently have a limited amount of cover, they are 
amenable to open-cut mining. Lacosites deposited proximal to coaly 
sediments offer additional exploitation possibilities if the coals 
could be utilised.
Exploration for commercially attractive lacosite deposits should be 
directed towards thick, laterally extensive lacustrine sequences. As 
mentioned in Chapters 4 to 6, a coincidence of numerous factors has led
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to lacosite deposition and these could be considered in an exploration 
program. Tertiary strata deposited in intermontane lakes that had 
highly fluctuating water levels are prospective. Consideration could 
be given to evaporitic, lacustrine sequences that contain suites of 
saline-alkaline minerals, but also to epiclastic facies deposited in 
freshwater. Flat-lying basins that have peripheral phosphatic rocks 
are likely lacosite settings but the wide range in environments that 
has led to lacosite deposition creates a large variety of potential 
targets.
The term 'lamosite', as employed by Hutton et al. (1980), Cook et al.
(1981) and Hutton (1986a; 1987a), is synonymous with the term
'lacosite', as used in the present work. 'Lamosite' is used in the 
current study to designate any organic matter-rich rock that contains 
dominant lamalginite; this includes oil shales deposited in marine 
settings (marosites) as well as those deposited in lacustrine settings 
(lacosites). Because of the different properties and different 
associations of these two rock types, their delineation is relevant to 
exploration and exploitation parameters.
Numerous lacosite deposits of various ages occur throughout the world. 
The oldest documented lacosites are present in middle Proterozoic rocks 
of northern Australia (Crick et al. , 1988). Significant deposits exist 
in Carboniferous strata of Scotland, Permian strata of the Parana Basin 
of Brazil (Irati Shale), and Tertiary strata of the USA, Australia, 
Thailand, Indonesia, China, Yugoslavia and Germany (Table 58).
9.4b Organic Matter-rich Rocks Deposited in Marine Environments 
9.4b i tasmanites
Tasmanite deposits are limited in number, are poorly documented and 
because of their generally small size, they normally have little 
potential for exploitation. A small industry existed in Tasmania, 
Australia however between 1910 and 1934. Tasmanites have the greatest 
potential for commercial development where they are associated with
other oil shales.
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The organic matter of tasmanites consists mainly of tasmanitid-derived 
telalginite (Plate 7; Appendix 4). The other main liptinites present 
are lamalginite derived from dinoflagellates and acritarchs and 
liptodetrinite. Bituminite and micrinite occur in variable amounts.
Tasmanitid-derived telalginite originates from the reproductive cysts 
of prasinophytes, which are primitive, green, unicellular algae. 
Tasmanites is a genus of prasinophyte and its type occurrence is in the 
tasmanite oil shale deposit of Tasmania. Prasinophytes that have 
morphologies similar to that of Tasmanites are termed tasmanitids; 
Pachvsphaera and Halosphaera are examples of extant algae related to 
Tasmanites.
Tasmanitids are documented from Precambrian to Holocene strata but most 
known tasmanite occurrences range from the Silurian to Jurassic. 
Tasmanites were deposited in small, inland seas and in marginal facies 
and lagoons of large inland seas. Associated lithofacies include other 
nearshore sediments as well as offshore epeiric sediments, such as 
other marine oil shales, pelagic claystones and carbonates.
As mentioned in Chapter 7, prasinophytes may endure widespread 
extinctions of other organisms. Where tasmantids are preserved in high 
concentrations, they may have thrived under environmentally stressed 
conditions. The stress may have originated from a variety of factors 
but abnormally low salinity is a likely cause. Blooms may be caused by 
large inputs of nutrients such as nitrogen and phosphorous.
Due to the contents of lipids in prasinophyte cysts and due to their 
lack of degradation, the alginite is aliphatic and alicyclic, has low 
heteroatom contents (Table 58) and has high specific yields; in some 
cases, the yields are comparable to those of Botrvococcus-related 
telalginite. Because some tasmanites are very rich in telalginite and 
because the other maceráis present also yield substantial amounts of 
oil, the gross yield of tasmanites may be very high. The oils are 
generally of good quality but similar to other marine oil shales, the 
sulphur contents may be problematic.
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The nature of the depositional settings of tasmanites causes the 
deposits to be generally small but tracing the paleoshorelines of 
epicontinental seas may lead to a broadening of the potential resource 
base. Large lagoons and ancient epeiric seas that were very shallow 
over extensive areas are other paleoenvironments that could have led to 
large deposits. Exploration programs should have these types of 
targets as objectives. Consideration could be given to late stages of 
regressions of epeiric seas and to facies deposited in or near coastal 
swamps, possibly during transgressive stages. Depositional settings 
near ancient river inlets to epicontinental seas are prospective. The 
paleogeography of depositional environments of prasinophyte-rich rocks 
and the locations of proliferation of extant prasinophytes (Prauss and 
Riegel, 1989) indicate that special consideration should be given to 
sequences deposited at high paleolatitudes.
The term 'tasmanite' originates from the type location in the Permian 
strata adjacent to the Mersey River in Tasmania. Other tasmanites or 
tasmanitid-rich rocks occur in Jurassic strata of Alaska (Plate 7a-c; 
Appendix 4), Devonian to Carboniferous strata of Kentucky and Ohio 
(Plate 7d-f; Appendix 4) and Silurian to Devonian strata of North 
Africa.
9.4b 11 kukersites
Kukersite has been mined in the Baltic Basin of the USSR since 1916 
(Knutson et al., 1989) and is used for the production of electricity, 
shale oil, petrochemicals, domestic gas and industrial gas. The 
deposit, which occurs as two fields, one in Estonia and one in 
Leningrad, had 12 mines and was the largest, commercially exploited oil 
occurrence in the world in 1988 (Knutson et—al_¡_, 1989) .
The organic matter in kukersite comprises mainly telalginite derived 
from Gloeocapsomorpha prisca (Plate 6i; Appendix 4). Other maceráis 
that may be present are bituminite and lamalginite derived from resting 
cysts of algae such as acritarchs. Gloeocapsomorpha is a marine, 
planktonic, blue-green alga and is commonly mistaken for Botryococcus 
because of their similar morphologies (Tappan, 1980).
PLATE 7 Photomicrographs of Tasmanitid Cysts in Narine-deposited Oil Shales
a. Alaskan tasmanite, Alaska, USA; sample 11612 (spot sample)
Mineral grain (?zircon), with a radioactive halo of depressed fluorescence intensity of tasmanitid cysts (in nonfluorescing matrix).
Field width = 0.44 mm; fluorescence-mode; perpendicular to bedding
b. Alaskan tasmanite, Alaska, USA; sample 11612 (spot sample)
As (a) in reflected white light showing ?zircon grain, halo of increased reflectance and mineral matrix; tasmanitid cysts are indistinct.
Field width = 0.44 mm; reflected light; perpendicular to bedding
c. Alaskan tasmanite, Alaska, USA; sanple 11612 (spot sample)
Similar to (a) and (b), sectioned parallel to bedding, showing tasmanitid telalginite and associated liptodetrinite (orange flecks).
Field width = 0.89 mm; fluorescence-mode; parallel to bedding
d. Kentucky tasmanite, Kentucky, USA; sanple 11614 (spot sanple)
Tasmanitid telalginite (greenish yellow) and liptodetrinite (yellow flecks) in a mineral matrix.
Field width = 0.54 mm; fluorescence-mode; perpendicular to bedding
e. Antrim bitcmarosite, Michigan, USA; sanple 12304 (spot sample)
Tasmanitid cysts sectioned parallel to bedding, showing variable cell wall thicknesses. Minor amounts of lamalginite derived from 
dinoflagellate/acritarch cysts (upper right) and liptodetrinite are also present.
Field width = 0.89 mm; fluorescence-mode; parallel to bedding
f. Chattanooga marobitosite, USA; sample 12307 (spot sanple)
Tasmanitid telalginite with variable cell wall thicknesses (bright greenish yellow) and minor amounts of lamalginite (small orange lamellae) and 
liptodetrinite (yellow and orange flecks) in a mineral matrix.
Field width = 1.28 mm; fluorescence-mode; perpendicular to bedding
g. Toolebuc Formation marobitosite, Queensland, Australia; sanple 11472 (core sample)
Tasmanitid cyst sectioned parallel to bedding, showing characteristic porate cell walls.
Field width = 0.09 urn; fluorescence-mode; parallel to bedding
h. Basin de Paris bitamarosite, France; sanple 12753 (split of a bulk spot sanple)
Tasmanitid cyst, with characteristic radial canals.
Field width = 0.18 mm; fluorescence-mode; perpendicular to bedding
i. Basin de Paris bitamarosite, France; sanple 12753 (split of a bulk spot sanple)
As (h) in reflected light, showing tasmanitid cyst with internal reflections, inertinite (lower centre; grey) and highly-reflecting and other 
minerals.




Kukersites apparently have a limited stratigraphic range and are only 
documented from the Ordovician. They were deposited in shallow seas 
and are associated with limestones and calcareous claystones. Similar 
to other oil shales, the alginite is present in high concentrations 
largely because of its proliferation in nutrient-rich waters, a lack of 
predatory and competing biota and the resistance of the precursors to 
decay.
Gloeocapsomorpha-derived telalginite contains substantially more oxygen 
than other telalginite (Table 58). Although in the present study, 
information is not available on the composition of retort oils, their 
quality is likely to be compromised by the high O content of the 
organic sources; about 70% of the Estonian-Leningrad kukersite is used 
for electricity generation and only the light fraction of the produced 
shale oil is refined (Knutson et al., 1989). The high oxygen contents 
could cause environmental problems because of carbon dioxide emissions 
during retorting. This limitation may be exacerbated by the 
association of carbonates with the oil shales. Nevertheless, the 
alginite of kukersite is aliphatic and has high specific oil yields; 
some of the oil shales contains greater than 90% alginite and therefore 
gross yields may also be high.
The kukersite deposit of USSR is only about 2 to 3 m thick but it has a
2 9lateral extent of about 3000 km and has a resource of about 21 x 10
tonnes of oil shale. Secondary industries based on lime production from
kukersites could improve their potential for exploitation. In Estonia
and Leningrad, the combusted remains of the oil shale are used for
treatment of acidic soils, for production of portland cement and in
heavy weight concrete and road base aggregates.
Because of the scarcity of known kukersite deposits, targeting of 
exploration objectives is difficult. Ordovician calcareous sequences 
deposited in shallow marine environments are the most prospective 
according to occurrences of the few documented deposits.
The term 'kukersite' originates from the name given to oil shales of 
the type location in the Ordovician of the Baltic Basin, USSR 
(Plate 6i; Appendix 4). Kukersites are also present in Southern
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Persia (Hutton, 1982b) and in the Ordovician of the Amadeus Basin and 
Canning Basin of Australia (Cook and Sherwood, 1991).
9.4b ill marosites
Marosites are marine-deposited oil shales that contain dominant 
lamalginite (Plate 5g, h? 8f, h, i; Appendix 3). Bituminite, 
micrinite and liptodetrinite, which is probably derived mostly from the 
lamalginite precursors, are generally present and in many cases, 
prasinophyte-derived telalginite occurs in minor amounts 
(Plate 7e, h, i; Appendix 3).
The lamalginite is derived mostly from the cysts of dinoflagellates and 
acritarchs. These algae are mainly pelagic and encystment is 
characteristic of oceanic, neritic environments. Extant
dinoflagellates normally bloom in the waters of continental shelves; 
the blooms are caused by increased nutrient supplies, seasonal changes 
or both.
Dinoflagellate cysts have been recorded from Silurian to Holocene 
sediments and species diversification was at an optimum between the 
Jurassic and Eocene (Tappan, 1980). The stratigraphic range of
acritarchs extends from the late Proterozoic to the Holocene and 
species diversification was greatest during the Ordovician to Devonian 
(Tappan, 1980). Although marosites potentially could have been 
deposited from the late Precambrian throughout the Phanerozoic, known 
occurrences mostly range from the Devonian to Cretaceous.
Marosites are deposited mainly in offshore facies of large, 
epicontinental seas, probably where water depths were at least 100 m. 
As mentioned in Chapter 7, the morphologies and types of cyst 
assemblages may give further insights into paleoenvironments. Some 
factors that probably account for accumulation of dinoflagellate and 
acritarch cysts include large nutrient availabilities, warm climates 
and environmental stress, such as reduced salinities. The stress could 
have caused encystment and decreases in competition. Facies of epeiric 
seas that are related to marosites include pelagic and hemipelagic 
lithologies such as claystones, carbonates (including coccolith-rich
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rocks) and bitosites and littoral sediments such as carbonates, 
claystones, siltstones and tasmanites.
The cysts of dinoflagellates and acritarchs are rich in hydrogen but a 
presence of bituminite causes increases in aromaticity for the organic 
matter in total. Where mineral and bituminite abundances are low 
however, marosites have high yields of good quality oil; the amount 
and quality of the oil decreases with increases in bituminite 
abundance. The amount of bituminite is facies related and possibly is 
largely related to paleodepths of the seawater. With regard to sulphur 
contents, the retort oils of marosites are superior to those of other 
marine oil shales but the nitrogen contents of the organic matter and 
oils from some occurrences may be problematic (Table 58) . Because the 
depositional settings of marosites were generally large, most marosite 
deposits contain considerable potential resources. The environment of 
deposition may persist such that some units rich in dinoflagellate and 
acritarch cysts are up to 1000 m thick (Cook and Sherwood, 1991). 
Where marosites are associated with bitosites or tasmanites, their 
potential for exploitation is increased.
Exploration for marosite deposits should be directed towards pelagic, 
offshore, possibly transgressive facies of sediments deposited in 
epicontinental seas. Periods characterised by raised sea levels and 
diversified proliferation of dinoflagellates or acritarchs include the 
early Ordovician, middle Silurian, late Devonian, late Jurassic and the 
Cretaceous.
The terms 'mixed oil shale' (Hutton et al♦, 1980; Cook et_al_._, 1981)
and 'marinite' (Hutton, 1986a; 1987a) have been used to signify
marine-deposited oil shales that are rich in bituminite ( humic matter 
of Cook et al. > 1981), lamalginite or both. Because of the profound
differences between characteristics of bituminite and lamalginite, the 
term 'marosite' is proposed in the present study to segregate marine 
deposited oil shales that have organic matter dominated by lamalginite.
Although feasibility studies have been carried out on some marosite 
occurrences, few if any have been commercially exploited to date.
PLATE 8 Photomicrographs of Various Bitosites and Related Lithologies
a. Little Osage bitosite, Kansas, USA; sanple 12354 (spot sample)
Bituninite (grey), micrinite (light grey and white) and highly-reflecting (bright white) and other minerals.
Field width = 0.44 mm; reflected light; perpendicular to bedding
b. Heebner bitosite, Kansas, USA; sample 12351 (spot sanple)
Bituminite (grey), micrinite (grey to white flecks), inertinite (white laminae; top) and highly-reflecting (bright white flecks) and other 
minerals (brown; largely out of focus).
Field width = 0.42 mm; reflected light; perpendicular to bedding
c. Eudora bitosite, Kansas, USA; sample 1Z352 (spot sample)
Bituminite (grey) and micrinitised bituminite (grey with white flecks) and highly-reflecting (bright white spheroids and framboids) and other 
minerals (brown; out of focus).
Field width = 0.26 mm; reflected light; perpendicular to bedding
d. Stark bitosite, Kansas, USA; sample 12353 (spot sanple)
Bituminite (grey), micrinite (white flecks) and highly-reflecting (larger, bright white flecks) and other minerals (out of focus).
Field width = 0.44 mm; reflected light; perpendicular to bedding
e. Sharon Springs bitosite, Kansas, USA; sanple 12347 (spot sample)
Bituninite (dark grey lamellae), inertinite (bright grey; crescent-shaped; upper right) and minerals.
Field width = 0.44 mm; reflected light; perpendicular to bedding
f. Chattanooga, bitomarosite Kansas; sanple 12072 (core sample)
Lamalginite (thin, orange lamellae), telalginite (yellow, thin-walled tasmanitid cysts) and liptodetrinite (orange and yellow flecks) in a 
mineral matrix.
Field width = 0.38 mm; fluorescence-mode; perpendicular to bedding
g. Southhampton Island bitimen-rich bitosite, Northwest Territories, Canada; sanple 15267 (spot sanple)
Positive alteration after 20 minutes irradiation with x125 objective. Lamalginite (yellow lamellae), carbonate-bitumen pods (orange lenses), 
bituminite (dull brownish green lamellae) and liptodetrinite (orange and yellow flecks) in a mineral matrix.
Field width = 0.44 mm; fluorescence-mode; perpendicular to bedding
h. Camooweal bitomarosite, Queensland, Australia (spot sample)
Lamalginite (yellow lamellae), bitumen (yellow spheroids), liptodetrinite (yellow flecks) and nonfluorescing bituminite (black; centre) in 
a mineral matrix.
Field width = 0.44 mm; fluorescence-mode; perpendicular to bedding
i. Antrim bitomarosite, Michigan, USA; sanple 12304 (spot sa^>le)
Lamalginite (dull orange, thin lamellae), telalginite (small, yellow tasmanitid cysts) and liptodetrinite (orange flecks) in a mineral matrix. 




Marosites however, along with bitosites, are generally regarded as 
important source rocks for naturally generated oil (e.g. the 
Kimmeridgian and related rocks of the UK) . Other marosites are present 
within the Triassic Kockatea Shale of Western Australia, the Jurassic 
Dingo Shale of Western Australia, the Jurassic Smackover Formation of 
the Gulf of Mexico, the Devonian Antrim Shale of Michigan (Plate 8i; 
Appendix 3), the Toarcian of the Paris Basin (Plate 5g, h; Appendix 3) 
and possibly within Paleozoic to Mesozoic rocks from the Middle East.
9.4b iv bitosites
Numerous bitosite deposits, including those of Julia Creek (Toolebuc 
Formation) in Queensland, the New Albany Shale of Indiana and the 
Chattanooga Shale of Tennessee, have been examined in the 1970s and 
1980s to determine the feasibility of exploitation. Similar to 
lacosite deposits, many of these occurrences, along with associated 
marosite and tasmanite deposits, could be commercially mined if the 
price of conventional crude oil increases above 40-50 US$ per barrel.
The organic matter of bitosites is dominated by bituminite and 
micrinite with lesser amounts of lamalginite mainly derived from 
dinoflagellates and acritarchs, telalginite derived from prasinophytes 
and liptodetrinite largely derived from the lamalginite precursors 
(Plate 5, 8; Appendix 3). The bituminite has properties intermediate 
to those of vitrinite and liptinites such as sporinite.
As discussed in Chapter 7, the origins of bituminite are uncertain but 
algal mats, rhodophytes and phaeophytes are some probable progenitors. 
Other possible sources include cellulose walls of dinoflagellates and 
acritarchs and fecal pellets. Biodegradation, gelification, 
humification and maturation have contributed to the properties of 
bituminite and have led to the formation of micrinite.
Bituminite-bearing, marine-deposited rocks have an extensive 
stratigraphic range but most bitosite deposits are within Devonian to 
Cretaceous sequences. Bitosites were deposited in hemipelagic facies 
of epicontinental seas, possibly intermediate to the more offshore 
marosites and the more nearshore tasmanites. Bituminite-rich rocks are
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well bedded but in some cases may be bioturbated. Benthic, mineralised 
fossils are commonly present and petrological evidence indicates that 
the aerobic— anaerobic boundary may have been present proximal to the 
sea bottom; a stagnant water body is not necessarily a prerequisite 
for bitosite deposition (see Chapter 7). Similar to marosites, the 
facies associated with bitosites include pelagic and littoral sediments 
of epeiric seas. Strata rich in other fossils such as fish remains, 
coccoliths and pelecypods are generally interbedded with bitosites.
Because of the progenitor material, syndepositional effects, 
postdepositional effects, or most likely, a combination of the three, 
bituminite has more polycyclic, polyaromatic and heteroatomic 
structures than liptinites such as alginite and sporinite. Retort 
yields are therefore lower and oil quality is poorer for bitosites than 
for alginite-dominated oil shales (Table 58). The sulphur and nitrogen 
contents of bituminite cause some problems in the processing of these 
oil shales. Similar to other oil shales however, the properties of 
bitosites vary according to the other macérais present. Large areal 
extents and long durations of the epicontinental seas in which 
bitosites were deposited lead to vast resource potentials. If 
ecological problems can be solved, industries based on the trace metals 
and uranium in bitosite deposits may increase their potential for 
commercial development. Associated marosite and tasmanite deposits 
could also contribute to the viability of exploitation.
Similar to marosite deposits, exploration for bitosites could be 
directed towards transgressive facies of sequences deposited in 
epicontinental seas. Some periods characterised by transgressions are 
outlined in Chapter 7, but because of other complicating factors, other 
strata should not be discounted. Particular attention should be given 
to gamma—ray anomalies in epeiric marine sections because of the 
general association of uranium with bitosites.
Because of the vast differences between the properties of bituminite 
and its oil from those of alginite and its oil, 'bitosites' are 
distinguished in the present study from marosites. (cf. Hutton et al., 
1980; Cook et al., 1981; Hutton, 1986a; 1987a).
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Numerous, widespread bitosite deposits are present in many continents. 
The well-documented deposits include the Cretaceous Toolebuc Formation 
of northern Australia (Plate 5), various early Jurassic shales of 
Europe (Plate 5i; Appendix 3), late Jurassic sequences of the UK and 
various Devonian, Carboniferous and Cretaceous shales of the USA 
(Tables 30 and 58; Plate 8a-e; Appendix 1).
9.5 Synopsis
The proposed classification scheme for oil shales and other organic 
matter-rich rocks has a wide spectrum of application. It
systematically relates to numerous geological, geochemical and 
practical aspects (Table 58). The nomenclature is based on organic 
petrological characteristics and includes consideration of organic 
geochemistry. The scheme highlights both similarities and differences 
between various organic matter-rich rocks.
Few other classification systems for organic matter-rich rocks have 
been proposed. Many of the terms applied in the present work, such as 
cannel, torbanite, tasmanite and kukersite, have been widely used in 
the literature but generally they have not been adequately defined nor 
have they been related to their facies counterparts such that 
gradational rock types are accommodated.
According to the classification system of Combaz (1975), the cannels of 
the present study would be classed as ' liptobiolites', the torbanites 
and tasmanites would be classed as 'algites' and the other types would 
all be categorised as 'schiste bitumineux'. Combaz (1980) employed the 
terms torbanite, tasmanite and kukersite with similar general meanings 
as proposed in the present study and he introduced the term laminite 
to designate the 'lacosites', 'marosites' and 'bitosites of the 
current work.
Although the presently proposed classification involves numerous 
subdivisions, they all relate to rock types that are distinct according 
to various characteristics; for the cases analysed in the current 
work, most of the petrographically defined groups can be distinguished 
on the basis of organic geochemical data (Chapter 8 ). For example,
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Q-mode cluster analyses based on the organic elemental data largely 
separate the coaly lacosites and lacositic shales from lacosites. 
Because of the large differences in characteristics of various 
macerals, the classification is designed to accommodate a variety of 
mixtures. The system however allows for various levels of 
classification depending upon the amount of information available and 
the amount of distinction reguired. Where data are sparse, the generic 
terms of Figures 78 and 79 may be used to describe 'deposit types', as 
employed in some analyses of Chapter 8, but where petrographic data are 
available, the detailed nomenclature of Figures 79 to 82 ('oil shale 
types' of Chapter 8) provides much greater insights into chemical and 
other petrological characteristics of oil shales.
The various types of oil shales have distinct and different 
characteristics in relation to sedimentological settings, lateral 
extents, sequence thicknessess, specific and gross oil yields, organic 
geochemistry, shale oil chemistry, exploration parameters, processing 
constraints and possible associated industries (Table 58). For 
example, most telosites were deposited in settings that had limited 
extents and they occur as thin, discontinuous units. Although specific 
and gross yields are normally high and oil quality is normally good, 
the deposits are generally not commercially viable because of the 
limited potential resources present. Lamosites are normally deposited 
over large extents of marine or lacustrine basins, may have high oil 
yields and therefore have the greatest potentials for exploitation. 
Although bitosite deposits are also generally large, the low yields and 
other constraints on processing decrease their attractiveness for 
commercial enterprises.
In the present work, the basic classification of Hutton et al. (1980) 
and Cook et al♦ (1981) has been modified and expanded to accommodate 
numerous variates, especially those of organic geochemistry. The 
proposed scheme has been designed to account for the occurrence of 
vitrinite and inertinite in nonmarine oil shales and for bituminite in 
marine oil shales because the presence of these macerals has profound 
effects on numerous properties. The ternary diagrams enable 
unequivocal assignment of an oil shale into a group, based on maceral
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composition. This method of classification has a similar basis and 
application as microlithotype analyses of coals.
The classification scheme can be used in relation to the exploration 
for oil shale deposits and the development of commercially viable shale 
oil industries. The relationship of the categories to depositional 
settings adds to the relevance of organic petrological and geochemical 
studies to basin analyses. Because of the interrelationships of oil 
shales with coals and other potential source rocks for petroleum, the 
nomenclature includes and allows delineation of all types of organic 
matter-rich sediments. The proposed classification scheme aids in the 
simplification, definition and quantification of references to various 
types of oil shales, source rocks and coals. Few, if any documented 
taxonomic systems for organic matter-rich rocks are comparable to the 
proposed scheme in relation to the wide scope of rock types included 
and to the quantification of relationships between the divisions and 
various petrological aspects.
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CHAPTER 10 SUMMARY AND CONCLUSIONS
10.1 Introduction
Although few oil shale deposits have provided economically recoverable 
resources of hydrocarbons to date, they will be widely exploited if 
conventional petroleum supplies undergo a protracted shortage and 
prices exceed about 45 US$ per barrel. Current exploitation activities 
are mostly at 'pilot-scale' levels. A high-quality data base of oil 
shale characteristics and their interrelationships as well as a 
comprehensive system for categorisation is necessary for potential 
development of an oil shale industry.
Oil shales that have economic potential represent about 5% of the total 
world energy supply from fossil fuels. At least 50 countries contain 
deposits that are accessible and large enough such that industries 
could be established. Many of these deposits are poorly documented and 
with an increase in interest and research activity, these and many 
newly discovered prospects will broaden the potential resource base for 
shale oil.
Through detailed analyses of some 'type deposits' and reconnaissance 
analyses of numerous other occurrences, the present study has led to an 
increased understanding of organic petrographic, organic geochemical 
and various other petrological factors that relate to characterisation, 
depositional settings, organic matter sources and a variety of 
exploration and exploitation parameters for oil shales and other 
organic matter-rich lithologies.
10.2 Methodology and Terminology
Through analysis and cognition of organic petrography, organic 
geochemistry and their interrelationships, numerous insights may be 
made into the petrology and potential utilisation of oil shales.
The petrographic analyses of whole-rock samples enable examination of 
the total, unaltered organic matter, determination of maceral— mineral
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relationships and quantification of organic matter and mineral 
abundances.
Elemental analyses were carried out on demineralised oil shales. The 
semi-quantitative approach to demineralisation includes weighing of the 
aliquot after each digestion, which allows monitoring the effectiveness 
of each treatment. The procedure involves milder conditions than those 
commonly employed. The macerals are therefore only minimally altered; 
the digestions were repeated to ensure effective removal of the 
minerals.
The regular standardisation of the elemental analyser and the 
persistent Running of blanks' promotes accuracy in the elemental 
analyses. Because 'total', unextracted organic matter was analysed, 
the procedure has a similar basis as pyrolysis analysis and retorting 
processes. As compared with studies on extractable organic matter, the 
elemental determinations have fewer problems with contamination, are 
not as affected by migrated hydrocarbons and are more relevant to the 
ultimate use of oil shales.
The petrographic control on the elemental analyses enables detection of 
bitumen, oil and mixed maceral assemblages, permits assessments of 
differences in rank and allows for detailed studies on the 
relationships of organic petrography to organic geochemistry.
To facilitate the elucidation of these relationships and the 
characterisation of organic components, an oil shale and maceral 
terminology must be established. Because of the nature of organic 
matter in oil shales, some modifications and extensions to the maceral 
terminology of the International Committee for Coal Petrology (ICCP, 
1963; 1971; 1975) have been used in the present study. The major 
modifications employed are subdivision of alginite into lamalginite and 
telalginite, further subdivision of lamalginite on the basis of 
fluorescence characteristics and morphology, liptodetrinite defined as 
less than 0.003 mm in diameter and reservation of the term 'bituminite' 
for marine occurrences. Some of these revisions are included m  a 
proposal to the ICCP for the classification of alginite (Appendix 21)
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and in the Australian standard on maceral analysis of coal (SAA, 
1986b). Earlier forms of the terminology are presented in Hutton et 
al. (1980) and Cook et al. (1981).
Oil shale is defined in the present work as any rock that contains at 
least 1 0% 'liptinitic' organic matter, which includes bituminite but 
not bitumen. A basic oil shale terminology is applied to the case 
studies of some 'type deposits' but analyses of the relationships 
between organic geochemistry and organic petrography has led to 
elaboration of the classification according to the maceral assemblages 
which exist within a basic division.
Although the oil shale classification and terminology is based on that 
of Hutton et al. (1980) and Cook et al. (1981), it represents a more 
comprehensive and thorough system that encompasses a wider range in 
rock types and accommodates the variation in numerous characteristics 
within the basic categories. The revisions include introduction of the 
new terms, bitosite for oil shales that have dominant bituminite, 
marosite for oil shales that have dominant lamalginite deposited in 
marine environments and lacosite for oil shales that have dominant 
lamalginite deposited in lacustrine environments.
10.3 Lacosites from Eastern Queensland
The Tertiary lacosite deposits of eastern Queensland are some of the 
most economically attractive propositions for future oil shale 
development in Australia. The Paleocene to Miocene Rundle oil shales 
are part of an 800 m thick lacustrine sequence which occurs within a 
graben. Similar to other lacosite deposits, the rocks are well 
stratified; the strata range from laminae a fraction of a millimetre 
thick to beds several metres thick.
The Queensland oil shales mainly comprise dull- to brightly-fluorescing 
lamalginite in a fine-grained, epiclastic mineral matrix. The 
lamalginite lamellae are less than 0.005 mm thick and less than 1 mm 
long. Subsidiary amounts of humic matter, intensely-fluorescing 
lamalginite, bitumen, resinite, telalginite and sporinite are also 
present. The lamalginite is mostly derived from the freshwater, green
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alga (Hydrodictyaceae) Pediastrum and other freshwater plankton. The 
telalginite is derived from a Botrvococcus-related genus.
Mean maximum vitrinite reflectance (R ) ranges from 0.18-0.37% butV,max
these values underestimate the true rank, probably because of the 
effects of minor amounts of hydrocarbons generated from the oil shales.
Samples from proximal to a 4 m thick sill contain bitumens derived from 
in situ, natural pyrolysis; the thermally altered rocks have RV,max
values up to 2.0%. Petrographic data indicate that the major effects
of alteration from the sill have a total extent of about 3 m and the
omaximum temperatures would have been about 400 C. Sediments that are 
proximal to sills and contain abundant liptinite as well as bitumens 
from pyrolysis of rocks closer to the intrusion may constitute an 
aureole of naturally beneficiated oil shales. These rocks would have 
enhanced oil yields upon solvent extraction, retorting or both.
Although the Rundle lacosites are tough, are resistant to fracturing 
and have low permeabilities, severe weathering causes degradation of 
the lamalginite. In the samples studied, the intensely weathered zone 
is less than 1 cm thick but the effects could be more extensive in 
other occurrences. In the weathered zones, oil yields would be
decreased and the composition of the retorted hydrocarbons would be 
altered.
Rundle lacosites were deposited in a large, climatically sensitive lake 
in a postorogenic basin. Although the climate was variable, it was 
characterised by high, mean temperatures and large amounts of
precipitation. These conditions were conducive to the formation of 
lakes and proliferation of algae. The lake underwent a series of
transgressions and regressions such that it varied from dry to possibly 
stratified. Variations in lake level and associated changes in
physical and chemical conditions caused variations in the amount of 
organic matter preserved. Toxic sediment conditions and the resistance 
of Pediastrum and the other alginite precursors to decay were major 
factors that contributed to extensive organic matter preservation. 
Depletion of oxygen in the sediments promoted toxicity but the presence 
of ostracode, gastropod and other faunal remains indicate than anoxia
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did not extend into the water column; the anoxic— oxic boundary was 
probably proximal to the lake bottom.
The other eastern Queensland deposits analysed in the present study are 
Duaringa, Stuart and Condor; they have many similarities to the Rundle 
deposit and were deposited in generally similar environments. 
Allocyclic factors such as climate and regional tectonics were 
therefore instrumental in deposition of eastern Queensland lacosites; 
autocyclic factors such as lake chemistry account for the minor 
differences among the deposits. Potential therefore exists for further 
discoveries of Tertiary oil shales in eastern Queensland.
10.4 Lacosites from the Green River Formation (GRF)
With regard to in situ, potential resources, the Eocene GRF of 
Colorado, Wyoming and Utah is the largest documented oil shale deposit 
of the world. The oil shales contain two major types of lamalginite 
and minor amounts of humic matter in a fine-grained, calcareous matrix. 
One type of lamalginite has a similar morphology to the dominant form 
in Rundle lacosites. The other variety is thicker and more continuous 
along bedding planes and is termed 'band lamalginite'. This thick form 
may originate from benthonic or planktonic algal mats; bacterial 
degradation may also contribute to the morphology of 'band 
lamalginite'. Other differences between the GRF and the lacosite 
occurrences of eastern Queensland are that wurtzilite is ubiquitous 
throughout the GRF lacosites and coal seams are absent in the GRF 
sequence.
The R values of the GRF lacosites range from 0.18-0.33%. TheV,max
abundance of bitumens have probably caused more suppression of these
values than for the Queensland lacosites. Based on vitrinite
reflectance values obtained from samples proximal to the boundary with
the Uinta Formation, the GRF oil shales studied probably have rank
equivalents of at least 0.45% R .V , max
The GRF sequence was deposited in a flat-lying, block-faulted, shallow 
basin during subtropical conditions with seasonal aridity. Much 
controversy exists on whether the oil shales were deposited in a
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shallow, playa lake or in a deep, stratified lake. On the basis of the 
organic petrology of the present study as well as paleontological and 
inorganic petrological work from the literature, a model is proposed 
that involves highly variable water levels; this model incorporates 
playa and stratified lakes as end members. During low stands, the 
sedimentation was in littoral facies of an oligotrophic to mesotrophic 
lake that was highly alkaline. At these stages, autochthonous saline 
minerals precipitated, allochthonous carbonates were deposited and the 
organic matter was probably derived from epipelic, cyanobacterial mats. 
Preservation of the organic matter was probably enhanced by heat 
fixation.
Changes in climate and hydrography caused the water levels to rise 
intermittently; at the maximum depths of about 10-30 m, the lake would 
have had a halocline and would have been meromictic, monomictic or 
polymictic. During these stages, bio-induced carbonate precipitated in 
the mixolimnion and some was dissolved in the monimolimnion. The 
organic matter originated from planktonic sources and preservation was 
promoted by anoxic conditions, which were largely caused by organic 
matter input.
10,5 Lacosites from Northwestern Thailand
Seven of the 43 Cenozoic basins of northwestern Thailand are known to 
contain oil shale. The largest and richest of these occurrences is in 
the Neogene Mae Sot Basin (MSB). The MSB contains two upper sequences 
of lacosite, each of which is 8—10 m thick. This deposit would 
probably form the basis for development of an oil shale industry in 
Thailand.
The oil shales contain two dominant forms of organic matter on the 
basis of fluorescence characteristics. An orange- and 
yellow-fluorescing form is analogous to the major type in eastern 
Queensland lacosites and much of a dull green-fluorescing variety is 
referable to 'band lamalginite'. Humic macerals and wurtzilite are 
present in the oil shales in minor to trace amounts. Some of the 
lacosites contain major amounts of Botryococcus-related telalginite 
which may increase the oil yields and oil quality.
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The R values for the MSB lacosites range from 0.25-0.36% butV,max 3
similar to other oil shales, these are underestimates of the true rank,
which is probably near an R equivalent of 0.45%.V,max
The MSB oil shales that contain epiclastic minerals with discrete, 
thin-walled lamalginite are similar to most eastern Queensland 
lacosites and the MSB oil shales that have autochthonous minerals with 
'band lamalginite' are similar to many GRF lacosites. The depositional 
model for the MSB lacosites therefore incorporates the models for the 
GRF and eastern Queensland occurrences.
The MSB oil shales were deposited in a lake within a tectonically 
stable, intermontane basin. Similar to other lacosite deposits,
changes in water levels and associated changes in physico-chemical 
conditions probably account for much of the bedding and laminations in 
the sequence of MSB oil shales. At high, fresh stands, planktonic 
algae proliferated and were the source for most of the yellow- and 
orange-fluorescing lamalginite. At some stages, the lake may have been 
stratified with intermittent circulation. Upon regression, increases 
in salinity probably caused stress on numerous organisms. At low lake 
levels, benthonic mats tolerant to the elevated salinities probably 
grew and were a source for the dull green-fluorescing lamalginite. The 
lack of coal seams in the MSB sequence could be due to water chemistry, 
lake morphology or a climate unsuitable for peat formation.
Other lacosite-bearing basins of northwestern Thailand include the Mae
Moh Basin, Ban Pa Ka Li Basin, Ban Huay Dua Basin, Mae Teep Basin, Ban
Na Hong Basin and Jae Horn Basin. Along with the thin beds of lacosite
in these basins, coals are also present and the two lithologies
commonly have lateral facies relationships. Because of this
association and because the oil shales mainly comprise thin-walled
lamalginite in epiclastic mineral matrices, they generally resemble
eastern Queensland lacosites. The R„ values for the 'miscellaneousV,max
suite' of Thai lacosites range from 0.23-0.32% but the values are 
probably depressed.
The 'miscellaneous lacosites' were deposited in lakes within basins 
which formed flat-lying, alluvial plains between mountain ranges. 
Unlike the MSB lacosites, the other oil shales were generally deposited
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after flooding of peat-forming swamps and the organic matter-rich 
sediments were only deposited during fresh, high water stands. 
Numerous other basins in northwestern Thailand are likely to contain 
lacosites. The other occurrences could augment any development of the 
MSB deposit.
10.6 Bitosites from the Toolebuc Formation
Bitosites from the Cretaceous Toolebuc Formation (TF) of western 
Queensland and northeastern South Australia constitute one of the 
largest in situ, potential resources of oil shale in the world. The 
oil shales have a lateral extent of about 600000 km , have an average
9thickness of 7 m and they contain about 2000 x 10 barrels of potential 
resources of shale oil. Much of the deposit however occurs at 
inaccessible depths. The oil shales are characterised by a gamma-ray 
anomaly and they are enriched in vanadium.
Bitosites of the TF mainly consist of bituminite, micrinite, 
lamalginite and liptodetrinite in a calcareous matrix which largely 
comprises coccoliths. Minor amounts of telalginite, bitumen, resinite, 
vitrinite and inertinite are also present. The bituminite has optical 
characteristics intermediate to those of vitrinite and liptinite 
macerals such as sporinite. The origin of bituminite is indeterminate 
but at least some probably originates from Cyanophyceae, which may have 
formed benthonic or planktonic mats. Phaeophytes (brown algae) and 
rhodophytes (red algae) are possible contributors. The micrinite is an 
alteration product of bituminite and probably formed mostly during 
maturation, which indicates an associated generation of some
hydrocarbons. The telalginite is derived from prasinophyte cysts and 
the lamalginite mostly originates from dinoflagellate and acritarch 
cysts. The liptodetrinite also probably has algal origins. 
Hydrocarbons yielded from retorting mainly originate from the 
bituminite.
Oil shales of the TF have an estimated R equivalent of 0.35-0.45%v f mcLX
in outcrop areas and 0.40-0.55% in the subsurface. They are therefore 
immature to marginally mature but because of the organic richness and 
generation of oil from bituminite at low ranks, the TF has probably
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produced considerable amounts of hydrocarbons. The amount generated 
however is small compared with the total potential and pooled resources 
are unlikely because factors related to migration, trapping and 
reservoirs are probably not favourable.
Deposition of TF bitosites resulted from intracratonic downwarping,
seawater incursion, warm climates, high nutrient availability and
consequent high productivities. The oil shales were deposited in
o ohemipelagic settings of a shallow epeiric sea between 40 and 70 
paleolatitude. Sedimentation was affected by eustatic sea level 
changes and the associated transgressions and regressions; water 
depths were possibly 80-100 m during deposition of the oil shales.
A lack of many diagnostic features of 'restricted basins' and the 
presence of features that support circulation indicate that the basin 
was 'open' and connected with the ocean. Freshwater input led to 
decreased salinities, restriction of some biota and proliferation of 
euryhaline organisms such as Vervhachium, Micrhvstridium, 
coccolithophores and prasinopytes. An anoxic— oxic boundary probably 
existed proximal to the sea bottom and may have been inhabited by 
cyanophyte mats. The boundary would have undergone migrations which 
were largely controlled by productivity and organic matter input.
Uranium was introduced into the Toolebuc sea in the uranyl form and was 
absorbed by humic precursors of bituminite. It was largely deposited 
along aerobic— anaerobic interfaces as organo-metallic complexes and as 
very fine uraninite grains. The presence of U causes the gamma-ray 
anomaly, which may facilitate mapping of the TF and of most other 
bitosite deposits.
10.7 Organic Geochemistry
The studies on geochemistry of organic matter in oil shales yield 
information on organic matter sources, depositional environments, 
diagenesis, maturation, oil yields and chemical structures.
Statistical analyses of organic geochemical and organic petrographic 
variates enable succinct data representation, categorisation,
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delineation of the sources of variation and elucidation of 
relationships between the petrography and geochemistry.
Potential errors in the data base of elemental analyses mainly 
originate from sample preparation, residual minerals and the analytical 
procedure. Optical analyses of the demineralised rocks allow 
assessment of the sources of error associated with the samples. From 
the limited amount of data on elemental analyses from the present 
study, the proposed intralaboratory tolerances for the relative 
deviation in each element are 0.9% for C, 2.5% for H, 7% for O, 8% for 
N and 5% for S. These tolerances are larger than those generally 
recommended for coal samples because of problems associated with 
moisture, minerals and sample heterogeneity for the demineralised oil 
shales.
Errors in pyrolysis analyses originate from the analytical procedure 
and the effects of various minerals. In the present study, use of the 
'total hydrogen index' (S^+S^/TOC) alleviates some problems in 
separation of and S2.
The constraints on statistical analyses caused by nonrandom sampling 
and the limited numbers of cases are minimised by avoiding inferential 
statistics. Limitations caused by multicollinearity and lack of 
normality are reduced by log-centred data transformations.
Conventional H/C— O/C and ternary C— H— O diagrams offer easily 
produced, meaningful representations of elemental data but suffer from 
induced correlations and a loss of information.
On an atomic percentage basis, organic matter from the oil shales 
studied generally has H>C»0>N>S but the abundances vary according to 
oil shale type. The H content generally increases from coaly rocks to 
bituminite-rich rocks to alginite-rich rocks and the heteroatom content 
generally has a concomitant decrease. The composition of retort oils 
is partly controlled by the composition of the organic matter sources.
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Bivariate analyses indicate that organic S contents are not controlled 
by liptinite abundance in a simple fashion. The amount of pyrite is 
not correlated with organic S content, organic H content, nor with oil 
yield, although numerous workers relate pyrite abundance to anoxia and 
consequent preservation of H-enriched organic matter.
Data from pyrolyses give valuable information on oil yields of
whole-rocks but the relationships between hydrogen indices (HI) and
organic petrography are obscured by limitations of the pyrolysis
methods and by ranges in yields for specific macerals. The present
study indicates that T for the low rank rocks is more controlled by J max
organic type than by rank. The lack of a relationship between HI and 
atomic H/C indicates that the capacity of organic matter to yield oil 
is not simply controlled by H/C composition.
Q-mode cluster analyses based on geochemical variates enable 
delineation of statistically defined groups. On the basis of atomic 
H/C— 0/C data, separation into 3 groups is an alternative to the 
conventional 'three kerogen-type' system but an 8- or 9-group solution 
yields more homogeneous clusters, which are largely consistent with 
organic petrological groupings. Because no information is lost, a 
superior classification results by clustering on the basis of all five 
elements. For HI— 01 data, a 5-cluster solution is more effective than 
a 3-group solution but employment of all pyrolysis variables offers the 
best solution.
Within the constraints of the data, discriminant function analyses of 
elemental compositions of the organic matter and retort oils according 
to petrological groups, indicate that the predictors are effective 
discriminators and can be used with considerable accuracy to determine 
petrological characteristics. The proportion of correctly classified 
cases ranges from about 65% to 95% and mainly depends upon 
cross-validation and petrographic control. The most difficult groups 
to differentiate are lacosites from torbanites and torbanites from 
tasmanites. Carbon and H contents are the most relevant to 
discrimination on the basis of atomic percentage variates but 
heteroatom contents are most important for discrimination on the basis 
of log-centred variables. Sulphur and N contents are imr^rtant for
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discrimination of the atomic percentage and log-centred data from 
retort oils.
Principal components and other statistical analyses of organic matter 
from the oil shales show that H and C have similar basic influences, of 
which progenitor material is probably the most important. Oxygen has 
complex multivariate relationships with the other elements and has 
numerous sources of variation. Some of this variation originates from 
organic matter sources but syndepositional and postdepositional 
processes also contribute. The two main sources of variation in N are 
probably the amounts of proteins in the precursor matter and the N 
losses during diagenesis; the postdepositional factors are prevalent. 
An important source of variation for organic S is sulphate reduction 
during diagenesis. This process is largely controlled by water 
chemistry and the presence of organic matter that can be metabolised; 
different types of organic matter have various susceptibilities to 
degradation.
Organic geochemical data indicate that alginite is derived from 
resistant lipids, is largely aliphatic, has few polycycles and 
therefore has high specific yields of good quality oil. Bituminite 
probably originates from algal cellulose, lipoproteins, 
lipopolysaccharides, and lipids. It is partly aliphatic but also 
contains considerable amounts of polycycles and therefore atomic H/C 
values and oil yields are lower than for alginite. Vitrinite, which 
originates from polysaccharides of higher—plants, has numerous aromatic 
structures and low specific retort yields. Because most organic 
matter-rich rocks contain mixed maceral assemblages and because 
geochemical data represent weighted arithmetic averages of the 
compositions of the maceráis, many characteristics inferred from the 
chemical variates for oil shales do not apply to individual maceráis. 
Petrographic control and consideration of much of the organic matter as 
heterogeneous mixtures yield some perspectives on these constraints.
Due to the common sources of variation, organic geochemical composition 
is related to organic petrography and classifications based on either 
sets of data are largely compatible.
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10.8 Liptinite-rich and Bituminite-rich Facies 
10.8a Classification, Exploration and Exploitation
The classification system developed in the present study for liptinite- 
and bituminite-rich rocks applies to sedimentological settings, deposit 
sizes, deposit grades, organic geochemistry and oil quality. It 
therefore has great potential for application to exploration and 
exploitation programs for oil shales as well as for other potential, 
petroleum source rocks.
Similar to the microlithotypes of coals, the categories of the proposed 
classification are based on the dominant forms of organic matter 
present. Liptinite-rich, humic coals and coaly oil shales contain 
dominant vitrinite and inertinite, cannels contain dominant liptinite 
derived from higher-plants, torbanites have dominant 
Botrvococcus-related telalginite and lacosites have dominant 
lamalginite. The main type of organic matter in tasmanites is 
tasmanitid-derived telalginite, in kukersites is 
Gloeocapsomorpha-related telalginite, in marosites is lamalginite 
derived from dinoflagellate and acritarch cysts and the main type in 
bitosites is bituminite with variable amounts of micrinite as an 
alteration product.
Liptinite-rich, humic coals and coaly oil shales were deposited in 
peaty facies of terrestrial settings. The vitrinite and inertinite are 
largely derived from carbohydrates and are rich in heteroatoms and poor 
in H. Exploration targets include subaquatic facies of Carboniferous 
and other coaly deposits. Specific oil yields are low, oil quality is 
poor and CO^ emissions are high for these types of oil shales, but the 
deposits may be large and contain high concentrations of organic 
matter. The possibility for mining in association with existing coal 
mines is a favourable factor for potential exploitation of coaly oil 
shale deposits.
Cannels were normally deposited under deeper water than that for humic 
coals and coaly oil shales. The most common depositional settings for 
cannels are littoral lacustrine facies and ponds within moors.
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Although the organic matter contains more H and less heteroatoms than 
that of humic coals and coaly oil shales, the specific oil yields and 
oil quality are poorer than for most other oil shale types. Similar to 
the humic coals and coaly oil shales however, the feasibility of 
exploitation could be enhanced by the existence of infrastructures 
associated with related coal deposits. Exploration for cannels could 
be directed towards basin centres from humic coals and coaly rocks and 
towards littoral facies of lacustrine and marine deposits.
Torbanites were deposited in ponds, small lakes, and lagoons. The 
alginite of torbanites is rich in H, is poor in 0 and gives high yields 
of good quality oil. High retort temperatures are required however and 
the deposits are temporally and laterally limited. Torbanite deposits 
therefore offer small, potential resource bases and economically viable 
exploitation is unlikely although they have been commercially mined in 
the past. Torbanite exploration could be targeted at the deeper water 
facies of coal deposits, especially in Carboniferous-Permian strata, 
and at the shallower water facies of lacustrine deposits.
Lacosites were deposited in lakes that had variable water depths. 
Because the lamalginite of these rocks is aliphatic and commonly exists 
in high concentrations, lacosites generally yield moderate to large 
amounts of good quality retort oil at high retorting temperatures. The 
deposits are commonly thick, are commonly laterally extensive and many 
occur at shallow depths. They therefore could offer bases for 
economically viable, oil shale industries if the price of crude oil 
rises above 40-50 US$ per barrel. Although lacosites exist in 
mid-Proterozoic to Tertiary strata, Tertiary lacustrine sequences are 
especially prospective. Potential exploration targets include, 
intermontane basins that contain, evaporitic sequences with 
saline— alkaline mineral suites, epiclastic sequences deposited in 
freshwater and sediments transitional to these two types. Peripheral 
phosphatic rocks may increase the potential for a basin to contain
lacosites.
Tasraanites were deposited in small, inland seas and in marginal facies 
and lagoons of large seas. The telalginite of tasmanites has high H 
contents, has low heteroatom contents and commonly occurs in
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concentrations that lead to very high retort yields of good quality 
oil. In some cases however, S contents may present problems and, 
similar to torbanite deposits, the potential resources of tasmanite 
deposits are generally small. Nevertheless, they have been exploited 
in the past and further exploration of sequences deposited in epeiric 
seas during late stages of regressions, during early stages of 
transgressions and along paleoshorelines may considerably increase the 
potential resource bases.
Kukersite is the only type of oil shale currently being mined on a 
large scale. These oil shales were deposited in marine settings. They 
are poorly documented largely because of their limited distribution 
worldwide. The telalginite of kukersites has high H contents but the 
abundant 0 would cause a decreased quality of oil and elevated CO^ 
emissions upon retorting. Gross oil yields however may be very high. 
Based on the limited information available, the most prospective areas 
for kukersite occurrences are Ordovician, calcareous sequences 
deposited in shallow seas, probably in zones proximal to the 
paleo-equator.
Marosites were deposited in offshore facies of large seas where the 
water depth was probably at least 100 m. Bituminite is commonly 
associated with the lamalginite of marosites and its presence increases 
the aromaticity of the organic matter as a whole although the 
lamalginite is highly aliphatic. Because the lamalginite is dominant 
however, marosites generally have high yields of good quality oil; the 
amount and quality decrease with bituminite abundance. Most marosite 
deposits are widespread and where the occurrences are accessible, they 
may be commercially developed. Ordovician to Silurian, pelagic, 
transgressive facies of epicontinental seas are potential targets for 
marosite exploration.
Bitosites were deposited in hemipelagic facies of epeiric seas, 
possibly transitional to tasmanite and marosite facies. Because 
bituminite has properties intermediate to vitrinite and liptinites such 
as alginite, bitosites have lower retort yields and produce poorer 
quality oils than alginite-dominated oil shales. In many instances, 
elevated S and N contents may cause some problems for exploitation,
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but potential resources are generally large and the associated trace 
metals could help support an oil shale industry. Where bitosites 
contain considerable amounts of lamalginite and are proximal to the 
surface, commercial exploitation will probably eventuate if ecological 
problems can be solved and if supplies of conventional crude oil are 
depleted. Exploration for bitosite deposits could be directed towards 
gamma-ray anomalies in transgressive facies of epicontinental marine 
basins. Devonian to Cretaceous strata are the most prospective.
Because of the loss of 0 functions and consequent increase in oil yield
and quality with low levels of maturation, slightly mature sections of
oil shale deposits are the most attractive for exploitation. This
especially applies to deposits rich in bituminite or other humic
maceráis. For alginite-dominated oil shales, rank equivalents of
between 0.6-0.8% R are most desirable. For bituminite-dominatedV, max
oil shales R equivalents of 0.3-0.6% are most suitable forV,max
exploitation because bituminite generates oil and loses heteroatoms at 
lower ranks than alginite does. In some deposits, concentrations of 
bitumens may offer naturally beneficiated oil shales.
10.8b Depositional Environments
Numerous workers have assumed that anoxia of bottom waters is the 
controlling factor for deposition of liptinite- and bituminite—rich 
facies. Explanations for the lack of oxygenation normally involve 
constraints on oxygen supply, such as poor water circulation. The lack 
of circulation is generally interpreted to be due to basin closure, 
barriers to impede water flow or to a stable, water column
stratification.
The assumption of anoxia is commonly based on the presence of laminae, 
pyrite occurrence, lack of benthonic fossil remains, preservation of 
other fossils or simply on the abundance of organic matter and the 
associated lack of organic decay. Each of these characteristics may be 
caused by factors other than anoxia. Preservation of laminae may be 
due to intermittent degradation, rapid sedimentation or a lack of 
infauna. Pyrite commonly forms after deposition, in reducing
microenvironments associated with organic matter. Preservation of
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organic matter and other fossil remains may be caused by high burial 
rates, a resistance to decay, a lack of predatory organisms or high 
organic productivity and supply. A lack of infauna, other benthos and 
predatory organisms in general, may be caused by inhospitable 
environments which may be due to the presence of toxins, aerial 
exposure, low oxygen levels or by abnormal salinity, pH, temperature 
and light conditions. The low oxygen levels may apply to the water 
column or only to the sediments. The depletion in oxygen may be caused 
by a lack of water circulation or to high inputs of organic matter.
Anoxic conditions alone will not necessarily lead to extensive 
preservation of organic matter because anaerobic processes also 
contribute to degradation. Many shaly horizons rich in pyrite and poor 
in organic matter may have originally been rich in organic matter which 
was metabolised to form sulphate ions and carbon dioxide.
The present study on marine and nonmarine facies rich in 'liptinitic' 
organic matter has led to an alternative depositional model that has an 
emphasis on high productivities, high sedimentation rates, resistance 
of the organic matter to decay and environmental stress due to factors 
such as anomalous salinity. The model avoids the constraints that must 
be placed on the required setting if anoxic depositional environments 
are considered to be prerequisites for oil shale accumulation. High 
sedimentation rates cause rapid burial and decreased degradation. 
Under oxidising conditions, refractory organic matter may be 
concentrated because of selective degradation of other organisms. 
Productivity is largely related to availability of nutrients such as 
phosphate, nitrate and iron and the hydrographic factors that influence 
this availability. Water circulation maintains nutrient supplies and 
stagnant systems normally have low nutrient levels. High 
productivities lead to demands on oxygen supplies and may cause the 
development of anaerobic or dysaerobic conditions in sediments and the 
immediately overlying waters. Anoxic— oxic boundaries may migrate from 
slightly above the floor to within the sediments depending upon organic 
matter input.
In conditions inhospitable to many organisms, some tolerant genera may 
flourish because of the few predators and little competition.
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Increased salinities in freshwater systems and decreased salinities in 
marine systems appear to commonly promote the proliferation and
preservation of some organisms. Variation in other physical and 
chemical parameters may cause stress that can only be endured by 
certain biota which will thrive. Many of these variations may be 
caused by changes in water levels.
Organic matter preservation depends upon a complex series of 
interrelated depositional and diagenetic parameters. Allocyclic 
factors such as eustatic sea level, climate and regional tectonism
profoundly affect these parameters and therefore are instrumental to 
the deposition of liptinite- and bituminite-rich facies. Widespread 
marine transgressions may promote warm, equable climates, raise
erosional base levels, decrease clastic input and increase
product ivity.
Because of the importance of allocyclic factors, deposition of the
various liptinite- and bituminite-rich facies are not evenly 
distributed throughout geological time; some periods were
characterised by a coincidence of factors favourable for deposition of 
certain organic matter-rich facies. For example, the Cretaceous
appears to have been especially suitable for deposition of alginite— 
and bituminite-rich rocks deposited in marine environments and the 
Tertiary was especially suitable for deposition of alginite—rich facies 
in lacustrine systems. Identification of the times most suitable for 
deposition of the various facies is relevant to exploration programs 
for oil shales and other potential petroleum source rocks.
10.9 Future Work
Numerous avenues of research on oil shales have potential for further 
work. Additional information on categorisation, depositional
environments, exploitation potentials and exploration programs could be 
achieved by further, detailed petrological studies on deposits analysed 
in the current work as well as on other deposits.
Studies of other deposits could be done on a similar basis to those 
done on the 'type deposits' of the present work; the methodologies,
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data and interpretations presented in Chapters 4 to 7 would be relevant 
to much of the further studies.
The deposits analysed in the current work could be studied in more 
detail through employment of larger data bases, tight stratigraphic 
control and integrated geochemical, mineralogical and paleontological 
(including palynology) analyses. Transmission electron microscopy, 
scanning electron microscopy and electron microprobe analyses could be 
used to further characterise oil shales and possibly further elucidate 
the origins of organic matter such as bituminite. With further 
sampling of the deposits studied, detailed facies analyses could be 
achieved.
Some particular aspects of oil shale petrology that have been briefly 
studied in the present work could be analysed further. Detailed, 
controlled sampling proximal to intrusions with parallel analyses of 
bitumens, petrology and retort yields, would give further insights into 
natural bénéficiâtion. Detailed knowledge of the effects of rank on 
petrography and organic geochemical aspects of oil shales would be 
valuable with regard to preferentially exploiting slightly mature 
areas. Appropriate methods of rank determination for alginite-rich 
rocks and marine oil shales have great potential for future research. 
Knowledge on the relationships between concentrations of bitumen and 
alginite in GRF lacosites could give some perspectives on maturation 
and hydrocarbon generation. Further studies on the associations of U 
with bituminite could yield data important to the targeting and 
commercial development of bitosite deposits. Scope also exists for 
further work on the effects of weathering on oil shales and the 
associated changes to oil yields and oil quality.
With regard to interpretation of depositional environments, additional 
studies on paleobotany, paleocommunities, paleoclimates and modern 
analogues would give further insights into modelling.
The statistical analyses of geochemical and other petrological variates 
in the present study are constrained by the limited number of cases. 
Further analyses of large, petrographically controlled data sets, which 
include organic matter-rich rocks other than oil shales, could extend
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the work of the present study and would enable inferences on various 
rock types. Some modifications and additions to the proposed
classification scheme could result and more consideration could be 
given to maturation parameters.
With increases in the price of crude oil, the interest in oil shales 
will increase and many of these types of studies would be carried out.
10.10 Synopsis
The main petrological factors that control the occurrences and 





The proposed classification scheme for oil shales and other organic 




* geochemistry of organic matter,
* geochemistry of retort oils,
* exploitation potentials and
* prospects for exploration.
Use of the classification combined with the concept of 'type deposits' 
shows clear relationships between organic geochemistry, organic 
petrography and sedimentology, both within and between deposits. The 
relationships demonstrated increase the reliability of interpretations 
made from each set of parameters.
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The data and interpretations of the present study could be used to 
assist systematic studies in the areas of,
* prospecting,
* assessment and mapping of deposits,
* mining,
* beneficiation,
* conventional retorting technology,
* the potential for alternative retorting technologies
such as in situ techniques and
* quality control during development of oil shale
deposits.
The concepts and methodologies are also applicable to the
characterisation and assessment of source rocks for naturally generated 
hydrocarbons.
Any developing oil shale industry is likely to be only marginally 
profitable, especially in its early stages; a sound understanding of 
oil shale properties is essential to minimise the risks in commercial 
development. The data, methods and concepts that arise from the 
present work can be employed by these developing commercial enterprises 
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TABLE 1 Some World Fossil Fuel Resources
Fossi 1 Proved and Estimated Possible Estimated Total Estimated
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(446 x 10 m )
(after Cook et. al.. 1981)
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x10 barrels xIO ra
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9xIO barrels
9 3 xIO m
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Chi le <0.1 <0.01
Egypt
Ch i na 30 5
France 0.4 0.1






New Zealand 0.3 0.05
Poland <0.1 <0.01
South Africa 0.1 0.02
Sweden 3 0.4
Thai land 1 0.2
Turkey <0.1 <0.01





proven+probable (mostly recoverable): 
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b - Roberts, UEC (1978) 9
c - UEC (1983) h
d - USA Bureau of Hines (197D) i
e - Knutson et al. (1987) j
- Birfcs (1984)
- US Environment Protection Agency (1981)
- Prien (1976) . :
- Knutson et al. (1968)
- Knutson et al. (1989)
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FIGURE I Flow cnart of the demineralisation proceaure used for the present stuav
weight loss less than weight loss greater





(after Perkin Elmer, 1980)










FIGURE i Schematic d iagram o f  the  combust ion  t r a i n  and a n a l y t i c a l  system o f a P e r k in  t im e r  AOU
elem enta l  a na ly s e r  ( a f t e r  P e r k in  Elmer, 1VU0)
D M M / G D 4 6 8
FIGURE 4 Schematic diagram of the detector system of a Perkin Elmer 240B elemental analyser 
(after Perkin Elmer, 1980)
t Helium
D M M / G D 4 6 9
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TABLE 3 Sunery of Characteristics of Organic Matter in Oil Shales
Macerai Ccraon fluorescence colours and inten- Ccraon fore 
sities (in decreasing order of general 






















Nostocopsis and other 
Cyanophyta






















possibly planktonic or 
benthonic algae that 
gives a humic residue 











waxes, fats, oils 









liptinite and its 
precursors




disc-shaped spore and pollen 
grains







commonly wi th 
•cuticular 
ledges1 ;




















roots, leaves and 
branches, remains
of algae and fauna
* - for rare detailed descriptions, see Appendix 21
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TABLE 4 Generalised Organic Petrology of Various Oil Shale Types
Oil shale 
type








G e n e r  a l a b u n d a n c e ( w h o  l e - r o c k b a s i s )
l a c o s i  t e m a jo r ­
dominant
a b sen t -
common,
r a r e l y
abundant
a b s e n t ­
r a r e
r a r e -
cormion
s p a r s e -
cornnon
a b s e n t -
s p a r s e
r a r e  t o  
abundant
bi t o s i  t e s p a r s e -  
abundant , 
r a r e l y  
m a jo r




r a r e -
s p a rs e
common - 
abundant
a b s e n t -
s p a r s e
r a r e -
common
rnnros i t e m a jo r ­
domi nant
a b s e n t ­
abundant
r a r e -
m ajor
r a r e -
s p a rs e
corrmon-
abundant
a b s e n t -
s p a r s e
r a r e -
common
t o r b a n i  t e a bsen t  - 
s p a r s e
m a jo r ­
dominant
absen t -
s p a rs e
r a r e -
s p a rs e
r a r e -
s p a r s e
r a r e -
s p a r s e
a bu ndan t ­
dom inant
tasmani t e r a r e -  
abundant , 
r a r e l y  
m a jo r
m a jo r ­
dominant
s p a r s e -
m ajor
r a r e -
sp a rs e
s p a r s e -
abundant
a b s e n t -
s p a r s e
r a r e -
s p a r s e
k u k e r s i  t e a bsen t  - 
r a r e
m a jo r ­
dominant
a b s e n t ­
r a r e
r a r e -
s p a r s e
r a r e -
s p a r s e
a b s e n t a b s e n t
can n e l a b se n t  - 
r a r e
a b sen t -
common
a b s e n t ­
dominant
s p a r s e -  
m a jo r ,  
r a r e l y  
domi nant
s p a r s e -  
m a jo r ,  
r a r e l y  
domi nant
s p a r s e -
m a jo r ,
r a r e l y
dom inant
a bu ndan t - 
dom inant
key: rare<0.1X by voluae, 0.IXi sperse<0.5X, 0.5X<ccmon<2.0X, 2.0X<abundant<10X, 10X<Jnajoc<30X,
dcminant>30X













M liU kt ‘j  H /C -Q /C  diag ram  show ing p lo t s  o l u s u it e  ot v a i io n s  deiinner at i sed  o r g a n ic  m atter sundries
(after Durand and Monin, 1980)
0/C(AT0M IC RATIO)
1 0





O  L a c o s i t e  d e p o s i t
♦  City TAS
v
V ^ M H O B A R T
D M M / G D 4 7 2
H  (.URI: r Map of a por t of eastern Ouoens l.ind showing the loi.it ion of Ilio N.mows i.i.ilxn 
(after Henstridge and Missen, 1982)
FIGURE 8
General iscd stratigraphy of The Harroes Bods and associated rocks (after Henstndge and 
"issen, 1982; Henstndge and Coshell, 1984, cu ed in Hutton, 1985b)
PERIOD OR ERA GROUP FORMATION MEMBER
TABLE 5 Generalised Petrology of Rmdle Lac osi tes
A  B U  N D A N C E







ma j o r - r a r e - r a r e - r a r e - s p a r s e -
d o m in a n t common common common common
B Y V 0  L U H E R A N K











r a r e r a r e -
m a j o r
d o m in a n t r a r e -
common
0 . 1 8 ­
0 . 3 7
s o f t
b r o w n  c o a l
key: rare<0.1X by volume, 0 . sparselo.5X, 0.5X<con«*on<2.OX, 2.0X<abundant<10Z, 10%<major<30%, domirwit>30%
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TABLE 6 Dominant Fluorescence Colours of Liptinite Macerals in the Rindle Deposit
Dominant fluorescence colours and 















bright greenish yellow 
medium-dull greenish yellow, where 
partially replaced by pyrite




























Maceral/mineral Dominant liptinite fluorescence colours and X by
intensities (Minsell colour notation) volume
l a m a l g i n i t e
i n t e n s e l y - f l u o r e s c i n g  l a m a l g i n i t e
l i p t o d e t r i n i t e
b i t u n e n  + r e s i n i t e
v i t r i n i t e  + i n e r t i n i t e
s h e l l  f r a g m e n t s  ( m o s t l y  o s t r a c o d e )
c l a y / s i l t - s i z e d  m in e r a l  m a t t e r
h i g h l y - r e f l e c t i n g  m in e r a l  m a t t e r
medium t o  b r i g h t  o r a n g e  ( 2 . 5 Y 8 / 1 0 - 1 2  
b r i g h t  y e l l o w ,  b r i g h t  g r e e n i s h  y e l l o w  
(5 Y 8 / 1 2 ,  2 .5 G Y 8 / 8 )
medium t o  b r i g h t  o r a n g e  ( 2 . 5 Y 8 / 1 0 - 1 2 )  
b r i g h t  y e l l o w  ( 5 Y 8 / 1 2 )
22
s p a r s e
1
s p a r s e
1
s p a r s e
73
2
l a m a l g i n i t e  medium 
i n t e n s e l y - f l u o r e s c i n g  l a m a l g i n i t e  b r i g h t  
l i p t o d e t r i n i t e  medium 
b i t u n e n  + r e s i n i t e  b r i g h t  
v i t r i n i t e  + i n e r t i n i t e
s h e l l  f r a g m e n t s  ( m o s t l y  o s t r a c o d e )  
c l a y / s i l t - s i z e d  m in e r a l  m a t t e r  
h i g h l y - r e f l e c t i n g  m i n e r a l  m a t t e r
t o  b r i g h t  o r a n g e ( 2 . 5 Y 8 / 1 0 - 1 2 ) 28
g r e e n i s h  y e l l o w (2 . 5 G Y 8 / 8 ) r a r e
t o  b r i g h t  o r a n g e ( 2 . 5 Y 8 / 1 0 - 1 2 ) 1
y e l l o w  (5 Y 8 / 1 2 ) 1
s p a r s e
r a r e
70
s p a r s e
l a m a l g i n i  t e
i n t e n s e l y - f l u o r e s c i n g  l a m a l g i n i t e
t e l a l g i n i t e  ( B o t r y o c o c c u s - r e l a t e d )  
l i p t o d e t r i n i t e  
b i t u n e n  + r e s i n i t e  
s p o r i n i  t e
v i t r i n i t e  + i n e r t i n i t e  
s h e l l  f r a g m e n t s  ( m o s t l y  o s t r a c o d e )  
c l a y / s i l t - s i z e d  m in e r a l  m a t t e r  
h i g h l y - r e f l e c t i n g  m i n e r a l  m a t t e r  
rare<0.1X by voluae, 0.1X<sparse<0.5X
medium t o  b r i g h t  o r a n g e  ( 2 . 5 Y 8 / 1 0 - 1 2 )
b r i g h t  y e l l o w ,  b r i g h t  g r e e n i s h  y e l l o w
(5 Y 8 / 1 2 ,  2 .5 G Y 8 / 8 )
b r i g h t  t o  medium y e l l o w  ( 5 Y 8 / 1 0 - 1 2 )
medium t o  b r i g h t  o r a n g e  ( 2 . 5 Y 8 / 1 0 - 1 2 )
b r i g h t  y e l l o w  (5 Y 8 / 1 2 )




s p a r s e
s p a r s e
s p a r s e
1




TABLE 8 Vitrinite Reflectance Data for So«e Miscellaneous Rundle Sables








12754 0 . 2 4 0 . 1 5 - 0 . 3 4
30
15422 0 . 2 5 0 . 2 1 - 0 . 3 0
9










































FIGURE 9 Schematic diagram, showing the relationship of thermally-altered samcues to the sill,
maximan temperatures attained, trends in mean maximun vitrinite reflectance and possible 
trends in retort yields
I
\
MEAN MAXIMUM VITRINITE REFLECTANCE (%)
RETORT YIELD INCREASE















136.4 l a m a l g i n i t e c r y p t i c a l l y  i n t e r  l a y e r e d  w i th  c l a y /  
s i I t - s i z e d  m in e r a l  m a t t e r
30
t e l a l q i n i t e  ( B o t r y o c o c c u s -  
r e l a t e d )
d i s s e m in a t e d 3
bitumen ( y e l l o w  f l u o r e s c e n c e ) d i s s e m i n a t e d  o r  m a s s i v e  ( c o r m o n l y  i n  
f r a c t u r e s )
10
b itumen ( o r a n g e  f l u o r e s c e n c e ) m a s s i v e  (c o n r ro n ly  w i t h i n  s h e l l - r i c h  
z o n e s )
3
v i t r i n i t e  + i n e r t i n i t e d i s s e m in a t e d s p a r s e
c l a y / s i l t - s i z e d  m in e ra l  m a t t e r m a t r i x 39
s h e l l  f r a g m e n t s d i s s e m i n a t e d  o r  c o n c e n t r a t e d  in  z o n e s  
( c o n n o n l y  r e p l a c e d  b y  p y r i t e )
10
h i g h l y - r e f l e c t i n g  m in e ra l  
m a t t e r
m a s s i v e ,  d i s s e m i n a t e d ,  f r a m b o id a l 4
d i s c r e t e  c a r b o n a t e  g r a i n s d i  s s e m in a te d 1
137.0 i n t e n s e l y - f l u o r e s c  i ng 
l a m a l g i n i t e
d i s s e m in a t e d 1
bi tumen d i s s e m in a t e d  (com m on ly  c o a t i n g  m i n e r a l s )  2
v i t r i n i t e  + i n e r t i n i t e d i s s e m in a t e d s p a r s e
c l a y / s i l t - s i z e d  m in e ra l  m a t t e r m a t r i x 96
h i g h l y - r e f l e c t i n g  m in e ra l  
m a t t e r
d i s s e m in a t e d 1
138.0
( t o p
i n t e n s e l y - f l u o r e s c i n g  
l a m a lg in i  t e
d i s s e m in a t e d 1
c o n t a c t ) v i t r i n i t e  + i n e r t i n i t e d i s s e m in a t e d s p a r s e
c l a y / s i l t - s i z e d  m in e ra l  m a t t e r m a t r i x 96
h i g h l y - r e f l e c t i n g  m in e ra l  
m a t t e r
d i s s e m in a t e d 2
d i s c r e t e  c a r b o n a t e d i s s e m i n a t e d  g r a i n s 1
142 .0
( b o t t o m
i n t e n s e l y - f l u o r e s c i n g  
l a m a l g i n i t e
d i s s e m i n a t e d s p a r s e
c o n t a c t ) b i  tumen d i s s e m i n a t e d  o r  i n f i l l i n g  f r a c t u r e s s p a r s e
v i t r i n i t e  + i n e r t i n i t e d i s s e m in a t e d s p a r s e
c l a y / s i l t - s i z e d  m in e ra l  m a t t e r m a t r i x 97
h i g h l y - r e f l e c t i n g  m in e ra l  
m a t t e r
d i s s e m i n a t e d s p a r s e
d i s c r e t e  c a r b o n a t e  g r a i n s d i s s e m i n a t e d 2
14 2 .6 b i  tumen d i s s e m i n a t e d  o r  c o n c e n t r a t e d  in  z o n e s 10
v i t r i n i t e  + i n e r t i n i t e d i s s e m i n a t e d s p a r s e
c l a y / s i l t - s i z e d  m in e r a l  m a t t e r  
h i g h l y - r e f l e c t i n g  m in e ra l  
m a t t e r
m a t r i x 88
2
TABLE 9 continued
S a m e Depth Macerai/ainera! Occurrence Percentage
runer (■etres) by vo l use







bi tumen disseminated or concentrated in zones 
(commonly associated with silt­
sized grains)
3
vi trini te + inertinite di ssemi nated sparse
clay/siIt-sized minerai matter matrix 58
highly-reflecting minerai disseminated sparse
matter
discrete carbonate grains disseminated 2
*:,53 145.0 lamatginite cryptically interlayerea with clay/ 
siIt-sized mineral matter
15





vi trini te + inertinite disseminated sparse
clay/siIt-sized minerai matter matrix 82
highly-retlecting minerai disseminated, massive, rarely sparse
matter framboidal
discrete carbonate grains disseminated sparse
key: rare<0.1X by volile, 0.1X<sparse<0.5X,










Depth Maceral Predominant liptinite fluorescence
(metres) colours (Mmsell colour notation)
136.4 l a m a l g i n i t e
t e l a l g i n i t e  ( B o t r y o c o c c u s -  
r e l a t e d )
bi tumen
137.0 bi tumen
i n t e n s e l y - f l u o r e s c  i ng 
l a m a l g i n i t e
138.0
( t o p
c o n t a c t )
i n t e n s e l y - f l u o r e s c  i ng 
l a m a l g i n i t e
142.0
(b o t t o m
c o n t a c t )
bi  tumen
i n t e n s e l y - f l u o r e s c l n g  
l a m a l g i n i t e
14 2 .6 bi tonen
144 .0 l a m a l g i n i t e
i n t e n s e l y - f l u o r e s c i n g  
l a m a l g in i  t e
t e l a l g i n i t e  (B o t r y o c o c c u s -
r e l a t e d )
b i  tumen
14 5 .0 l a m a l g i n i t e
i n t e n s e l y - f l u o r e s c  i ng 
l a m a l g in i  t e
t e l a l g i n i t e  ( B o t r y o c o c c u s - 
r e l a t e d )
d u l l  o r a n g e  t o  m e d ia n  o r a n g e  ( 2 . 5 Y 8 / 8 ,
2 . 5 Y 7 / 1 0 - 12, 2 . 5 Y 8 / 1 0 )
d u l l  y e l l o w  t o  b r i g h t  y e l l o w ,  b r i g h t
g r e e n i s h  y e l l o w ,  m e d ia n  o r a n g e  (5 Y 8 / 8 -
12, 2 .5G Y8/8 ,  2 . 5 Y 8 / 1 0 )
d u l l  o r a n g e  t o  b r i g n t  o r a n g e ,  d u l l
y e l l o w  t o  b r i g h t  y e l l o w  ( 2 . 5 Y 8 / 8 - 1 0 ,
2 .5 Y 7 / 1 0 - 1 2 ,  5 Y 8 / 8 - 1 2 )
b r i g h t  o r a n g e ,  m e d ia n  t o  d u l l  y e l l o w ,  
medium t o  d u l l  g r e e n  (2 . 5 Y 8 / 1 2 ,  5Y8/8- 
10, 7 .5 G Y 5 / 4 -7 ,  5GY4/2 )  
medium g r e e n i s h  o r a n g e ,  d u l l  o r a n g e ,  
m e d ia n  g r e e n  ( 5 Y 7 / 1 0 ,  2 . 5 Y 8 / 8 ,  7 .5 G Y 5 / 4 )
medium t o  d u l l  o r a n g e ,  d u l l  g r e e n i s h  
o r a n g e  (2 . 5 Y 8 / 8 ,  2 .5 Y 7 / 1 0 - 1 2 ,  5 Y 7 / 8 )
d u l l  b row n  ( 2 . 5 Y 5 / 6 )
d u l l  o r a n g e ,  m e d ia n  g r e e n i s h  o r a n g e
( 2 . 5 Y 8 / 8 ,  2 . 5 Y 7 / 1 0 - 12, 5Y7 /1 0 )
medium o r a n g e  t o  b r i g h t  o r a n g e ,  medium 
y e l l o w  ( 2 . 5 Y 8 / 1 0 - 12, 5Y8 /1 0 )
d u l l  o r a n g e  t o  m e d ia n  o r a n g e ,  d u l l  
y e l l o w  t o  b r i g h t  y e l l o w ,  r e d d i s h  brown 
( 2 . 5 Y 8 / 8 ,  2 . 5 Y 7 / 1 0 - 12, 2 .5 Y 8 / 1 0 ,
5 Y 8 / 1 0 - 12, 5 Y4 /8 )  
b r i g h t  y e l l o w  ( 5 Y 8 / 1 2 )
med ium y e l l o w ,  d u l l  o r a n g e  t o  b r i g h t  
o r a n g e  (5 Y 8 / 1 0 ,  2 . 5 Y 8 / 1 0 - 12, 2 . 5 Y 7 / 1 0 - 1 2 )  
med ium y e l l o w  t o  b r i g h t  y e l l o w ,  medium 
o r a n g e  t o  b r i g h t  o r a n g e  ( 5 Y 8 / 1 0 - 12, 
2 . 5 Y 8 / 1 0 - 12 )
med ium o r a n g e  ( 2 . 5 Y 8 / 1 0 )
med ium y e l l o w ,  b r i g h t  g r e e n i s h  y e l l o w
(5 Y 8 / 1 0 ,  2 .5 G Y 8 / 8 )
m e d ia n  y e l l o w ,  m e d ia n  g r e e n i s h  y e l l o w  
(5 Y 8 / 1 0 ,  2 .5 G Y 8 / 6 )
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TABLE 11 Vitrinite Reflectance Data for Kindle Lacosites Sailed Proximal to a Sill
S a o p l e  i x m b e r Depth Member o f Mean m a x i m « ■ v i t r i n i t e Range  in




r e a d in g s
X
10447 136.4 5 0 .2 2 0 . 1 8 - 0 .2 4
10448 137.0 5 1 .6 1.4  - 1 . 8
10449 138.0 2
( t o p  c o n t a c t )
( b o t t o m  c o n t a c t )
1 .0 0 . 7  - 1 . 3
10450 142.0 - - -
10451 142.6 3 1 .6 1.3  - 1 . 9
10452 144.0 3 0 .4 5 0 . 4 0 - 0 .5 0
10453 148.0 13 0 .2 0 0 . 1 6 - 0 .2 3
TABLE 12 Variation in Petrographic Composition of RuxJlc lacositcs with Ucathcrcd Profile
Zone* Sample 10356; zones
parallel to bedding;
R = 0.50%V.max
oriented Sample 10356; zones oriented
perpendicular to bedding;
R = 0.50%V.max
Sample 10357; zones oriented
perpendicular to bedding;
R = 0.30%V.max
Sample no. 10358; zones 
oriented perpendicular to 
bedding; no measurable 
vitrinite
fluorescent Mineral Fluorescent Mineral Fluorescent Mineral Fluorescent Mineral
liptinite ■atter liptinite matter liptinite matter liptinite matter
% by volume Z by volune % by voltane % by volume % by volume % by voltane % by volunc % by voltane
PRIMARY WEATHERED SURFACE SECONDARY WEATHERED SURFACE SECONDARY WEATHERED SURFACE SECONDARY WEATHERED SURFACE
A 3 97 10 90 100 11 89
B 9 91 10 90 1 99 13 87
C 23 77 11 89 2 98 13 87
D 32 68 14 85 2 98 14 86
E 33 67 11 89 11 89
F 46 54 13 87 14 86
G 32 68 12 88 20 80
H 20 80 17 83
I 16 84 19 81
J 13 87 25 75
K 7 93 26 74
PRIMARY WEATHERED SURFACE
L 24 76
* - the samples are divided into zones for point--couiting purposes; they are 1mm wide except in sample 10358 which has 2mm wide zones);




Kev for Table 12: Schematic diagram showing zones point-counted on weathered samples and their
relationships to bedding, primary weathered surfaces and secondary weathered surfaces
primary weathered surface
bedding
point-count zones oriented perpendicular to bedding
point-count zones oriented parallel to bedding
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'IGURE 10 Schematic diagram showing profiles in redox potentials for typical eutrophic and
oligotrophic lakes (after Hakanson and Jansson, 1983)
Redox potential (Eh) (millivolts)
TABLE 13 Voliaetric Composition and Dominant Liptinite Fluorescence Colours of Condor, Duaringa and Stuart Sables
Sample Haceral/mineral Dominant liptinite fluorescence colours and X by
ruber intensities (Hmsell colour notation) volume
and deposit
11057 l a m a l g i n i t e d u l l  t o  medium o range  (2 .5 Y 8 / 8 - 1 0 ) 8
Condor b itum en  + r e s i n i  t e b r i g h t  t o  medium y e l l o w ,  medium o ra n g e  
(5Y8 /10 -1 2 ,  1 .5Y8/10)
1
l i p t o d e t r i n i  t e d u l l  t o  medium o range  ( 2 . 5 Y 8 / 8 - 1 0 ) 1
v i t r i n i t e  + i n e r t i n i t e 3
c l a y / s i l t - s i z e d  m in e ra l  m a t t e r 85
p y r i t e / o t h e r  h i g h l y - r e f l e c t i n g  
m in e ra l  m a t t e r
2
16600 l a m a l g i n i t e medium t o  d u l l  g r e e n is h  y e l l o w  (2 .5 G Y 7 / 6 -8 ) 28
D u ar inga i n t e n s e l y - f l u o r e s c i n g  l a m a l g i n i t e b r i g h t  g r e e n i s h  y e l l o w  (2 .5 G Y 8 / 8 -1 0 ) 1
ro
cnt e l a l g i n i t e  ( B o t r y o c o c c u s - r e l a t e d ) v e r y  b r i g h t  g r e e n i s h  y e l l o w  (2 .5 G Y 8 / 1 2 ) 1
l i p t o d e t r i n i t e medium t o  d u l l  g r e e n is h  y e l l o w  (2 .5 G Y 7 / 6 -8 ) 7
b itumen + r e s i n i t e b r i g h t  y e l l o w  (5Y8/12) 1
s p o r i n i t e medium g r e e n i s h  y e l l o w  (2 .5 G Y 7 / 8 ) sparse
v i t r i n i t e  + i n e r t i n i t e 2
c l a y / s i l t - s i z e d  m in e ra l  m a t t e r  
p y r i t e / o t h e r  h i g h l y - r e f l e c t i n g
60
m in e ra l  m a t t e r s p a r s e
11056 l a m a l g i n i t e medium t o  b r i g h t  o range  ( 2 . 5Y 8 / 1 0 -12) 19
S tu a r t i n t e n s e l y - f l u o r e s c i n g  l a m a l g i n i t e b r i g h t  g r e e n i s h  y e l l o w  (2 .5 G Y 8 / 8 ) 2
t e l a l g i n i t e b r i g h t  y e l l o w  (5Y8/12) r a r e
l i p t o d e t r i n i t e medium t o  b r i g h t  orange  ( 2 .5 Y 8 / 1 0 - 1 2 ) s p a r s e
b i  tumen ♦ r e s i n i  t e medium t o  b r i g h t  y e l l o w  (5 Y 8 / 1 0 -1 2 ) sparse
v i t r i n i t e  + i n e r t i n i t e r a r e
s h e l l  f r a gm e n ts r a r e
c l a y / s i l t - s i z e d  m inera l  m a t te r 77
h i g h l y - r e f l e c t i n g  m in e ra l  m a t te r 2
key: rareO.IX by voliæ, 0.1X<sparse<0.5X
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TABLE 14 Vi tri ni te Reflectance Data for Condor, Duaringa and Stuart Samples
Saaple rufcer Mean maxi nun Range in N Lirber of
and deposit vitrinite reflectance readings readings
X X
11057 0.25 0.21-0.29 25
Condor
16600 0.37 0.33-0.41 5
Duaringa









FIGURE 12 Schematic cross-section of the Green River Formation from the lJrnta Basin to Piceance




FIGURE 13 Schematic cross-section of the Green River Formation from the Green River Basin to
Washakie Basin showing generalised stratigraphy (after Shanks et al.. 1976)
DMM/ GD476
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TABLE 15 Generalised Petrology of Eastern Queensland and Green River Formation Lacosites
Deposit name Esti noted 
rank






























key: rare<0.1X by voluae, 0.1X<sparse<0.5X, 0.5X<camon<2.OX, 2.0X<abLndant<10Z, 10X<*ejor<30Xr 
dorai nant>30X
* - based on R max of overlying coal seams or coaly beds
FIGURE K M.ip of  southwestern  Wyoming showing p o s i t i o n  of Bl. ioks f o l k  n m l w r  one ill 1 1 th o l e
Town ■  DMM/GD475
Blacks Fork number 1 drill hole •
Grid number' 13
TABLE 16 Volumetric Composition and Dominant Liptinite Fluorescence Colours of Green River Formation Lacosites and Associated Rocks
Sample Depth Yield Maceral/mineral Dominant fluorescence colours t st ¡mated
nuttier (metres) (l i t res/tome) (Nurasell colour notation) voluac
X
Laney Shale Member 
9675 73.8-74.1 90.9 band-lamalginite dull green-medium green (7.5GY4/2- 
7.5GY5/6)
25
undifferentiated lamalginite* medium yellow-mediun greenish yellow 
(5Y8/10-2.5GY8/8)
2
bitunen dull orange-brown (2.5Y7/10-12-7.5YR5/6) sparse
sporini te medium yellow (5Y8/10) rare
liptodetrini te medium yellow (5Y8/10) sparse
vitrinite + inertinite sparse
highly-reflecting minerals 10 GJ
clay/siIt-sized minerals 62 ro
9676 88.6-88.9 42.8 undifferentiated lamalginite mediun orange (2.5Y8/10) 10
band-lamalginite dull orange-mediun orange (2.5Y7/10-12- 
2.5Y8/10)
2
bi tunen bright yellow (5Y8/12) 2
sporini te medium yellow (5Y8/10) rare
liptodetrini te mediun orange (2.5Y8/10) sparse
vitrinite + inertinite 1
highly-reflecting minerals 1
clay/siIt-sized minerals 84
9677 96.3-96.6 85.6 undifferentiated lamalginite mediun orange (2.5Y8/10) sparse
bitunen bright yellow (5Y8/12) 15
sporini te dull orange (2.5Y7/10-12) rare
liptodetrinite medium orange (2.5Y8/10) sparse










Depth Yield Macerai /Binerai
























vitrinite + inertinite 
highly-reflecting minerals 
clay/siIt-sized minerals
medium yellow-medium greenish yellow, 
dull green (5Y8/10-2.5GY8/8, 7.5GY4/2) 
mediun yellow (5Y8/10) 
dull orange (2.5Y7/10-12) 





greenish yellow, dull green (2.5Y7/10-
12-5Y8/10-2.5GY8/8, 7.5GY4/2)
medium yellow (5Y8/10)
median yellow-bright yellow (5Y8/10-12)
medium orange (2.5Y8/10)
median yellow (5Y8/10)
median yellow (5Y8/10) 
median yellow (5Y8/10) 


































































dull greenish yellow (2.5GY6/10) 30
dull yellow (5Y8/8) 3
medi un orange (2.5Y8/8) 2
mediun yellow (5Y8/10) rare




mediun yellow (5Y8/10) sparse
mediun yellow (5Y8/10) rare




mediun yellow (5Y8/10) 1
mediun yellow (5Y8/10) rare
mediun yellow (5Y8/10) rare






























vitrinite + inertinite 
highly-reflecting minerals 
clay/siIt-sized minerals




vitrinite + inertinite 
highly-reflecting minerals 
clay/siIt-sized minerals
median yellow (5Y8/10) 
medium yellow (5Y8/10) 
median orange (2.5Y8/8) 








medium orange-dull orange (2.5Y8/10-
2.5Y7/10-12)
mediun yellow (5Y8/10)
mediun yellow (5Y8/10) 
mediun yellow (5Y8/10) 



























































bi t unen 
sporini te 
liptodetrini te 
vitrinite + inertinite 
highly-reflecting minerals 
clay/siIt-sized minerals
Dominant fluorescence colours Estimated
(Hmsell colour notation) volume
X
dull green, median yellow (7.5GY4/2, 
5Y8/10)
30
medium yellow (5Y8/10) 1
dull yellow (5Y8/8) 5
dull orange (2.5Y8/8) rare






median yellow-medium greenish yellow, 
median orange (5Y8/10-2GY8/8, 2.5Y8/10)
sparse
median yellow (5Y8/10) 3
dull orange (2.5Y8/8) rare




dull green (7.5GY4/2) 5
medium yellow-median orange (5Y8/10- 
2.5Y8/10)
3
median yellow (5Y8/10) rare
dull orange (2.5Y8/8) rare





Saaiple Depth Yield Hacera l /Mineral
readier (Metres) (l itres/tome)




' , ,A ! * i l iptodctrinite
vitrinite + inertinite 
highly-reflecting minerals 
clay/siIt-sized minerals




Colony Mine spot sample (Parachute Creek Member) 
12069 n.a.







vitrinite + inertinite 
highly-reflecting minerals 
clay/siIt-sized minerals
key: rareO.IX by volune, 0.1Xlsparse£0.5X; n.a. = not available
Devinant fluorescence colours
(Muriseli cold«' notation)
mediun yellow-medi un orange (5Y8/10- 
2.5Y8/10)
bright yellow (5Y8/12) 
mediun orange (2.5Y8/10) 
mediun orange (2.5Y8/10) 
mediun orange (2.5Y8/10)
dull greenish yellow-dull green
(2.5GY6/10-7.5GY4/2)
mediun yellow-medium orange (5Y8/10-
2.5Y8/10)
mediun yellow (5Y8/10)
mediun yellow-medium orange (5Y8/10-
2.5Y8/10)
mediun greenish yellow-bright 
greenish yellow (2.5GY8/8-10) 
bright greenish yellow (2.5GY8/10) 
mediun yellow (5Y8/10) 






























TABLE 17 ReflectOTce Data for Green River Formation Lacosites and Associated Rocks
Sa«>le number Depth Yield Ry Range



























































Keyi * - R ; I = inertinite I,max
+ - R ; B = bitumen B,max
all other values are RV,max
n.a. - not available
facies and locations for Figures 16 and 17




1 - ihtttwuh, othar runott or overflow from adjacant baaln
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JSE 16 Schematic cross-section of Lake Gosiute or Uinta at highest water level, showing Mimetic
/profundal facies: 1- olanktonic algae proliferation and carbonate precipitation (largely 
bio-induced), 2- settling of algae and carbonate through mixolimnion, 3- school of 
Knightia. 4- carbonate dissolution and saline mineral precipitation and settling in a 
saline monimol imion, 5- limetic facies deposition characterised by preservation of algae 
and fish, pyrite formation, saline mineral formation and calcite alteration to ankerite 
and dolomite, 6 - littoral facies sediments characterised by mediun grain size, mat-type 
algal remains, fish fry, ostracodes, stromatolites, pisoliths, ooliths and ripple marks 
(Figure 17), 7- epilittoral facies sediments characterised by coarse grain size, abundant 




i ^ n -
B -




-  l im n e t ic  f a c i e *
-  l i t t o r a l  f a c i e s
-  e p i l i t t o r a l  f a c i e *
-  p lan k to n ic  a lg a #
•  Igai mat  
c a lc i te  
dolomite  
anker ite
•  aline m in era l*  
pyr lte  
d o l o s t o n e  
o o l l t h s / p i s o l l t h *  
m u d c r a c k •
. r i p p l e  m a r k *  
f l a t - p e b b l e  c o n g l o m e r a t e  
s t r o m a t o l i t e  
o s t r a c o d e s  
f ish  fry

FIGURE 18 Schematic cross-section of Lakes Gosiute or Uinta at l og  water level
F i g u r e  1 9  1
2 m
FIGURE 19 Schematic cross-section of Lakes Gosiute or Uinta at low water levels, showing epilittoral and littoral facies: 1- dolomite formation 
by evaporative pumping and precipitation from groundwater and brine pools, ¿ - dolomite transportation from epilittoral to littoral 
facies, 3- heat fixation to promote algal mat preservation, rapid evaporation, 5- saline mineral and dolomite precipitation and 
algal mat proliferation in saline to hypersaline waters, 6 - littoral facies deposition (including calcite dissolution with dolomite 
-- -,X» replacement) character!sed by stromatolites, saline minerals, pisol iths/ool iths, mediun grain size, ripple marks and mat-type algae,
d , « o«. c-1> i <- « ■ 7 . limnetic facies sediments, 8 - epilittoral facies characterised by coarse grain size, abundant saline minerals, flat-pebble
conglomerates and mudcracks (see Figure 16 for key)
l i t tora l  | opl l i  11 or a 1/su pral l t l  or a I
■vi 2 m
r. . . r o b l c . ^ ^  • I * ^  —
CJ
4 4
FIGURE 20 Map of northwestern Thailand, showing major Cenozoic basins and the study area 
(after Sherwooa et al.. 1984)
N
4 5
CIGURE 2 ' Straticratny of the Mae Sot 8asin, snowinq the total Cenozoic sequence oetermined from
Thai Department of Mineral Resources DDH 3-5 in the study area (organic matter-poor teas 
less f a n  3 m thick, occurring within the oil shale units are not shown), the uoper oil 
snale sequence determined from pits 202-204 and the lower oil shale sequence cetermined 
from trencn 101 (after Tantisukrit et ai.. 1981)
Upper oil shale DDH 3-5 Lower oil shale




—  12554 -  sample number and exact location 
^  11269 -  sample number and location range 
(exact location not known)
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TABLE 18 Mean and of Oil Yields of Various Oil Shale Types fro* Mae Sot Basin (after
Gibling et al. 1985a; Gibling, pers. can., 1980)
Oil shale type Nmber of sanples 
analysed
Mean oil yield 
( l i très/ tome)
Range in oil yield 
( l i très/tome)
A 17 168 15-311
B 7 116 45-205
r 14 43 5-107
D 16 37 5-168
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TABLE 19 Semi-quantitative Minerai Abundances of Sane Mae Sot Basin Lacosites and Related 
Rocks from Pit 204 (after Gibling, pers. cam., 1980).
Sanple Oil shale Dolomite Calcite Quartz Clays Feldspar Analcite
ruÉier type P E R C E N T A G E B Y W E I G H T
11267 D 30 33 7 0 14* 16
11268 C 28 17 9 8 * * 13 24
11269 A 8 7 15 36 18 16
11270 A 27 7 15
9 * * * 10 32
key: * - potass inn feldspar only, ** - i l Lite only, *** - smectite only 
note: mineral atxndances determined using x-ray diffraction techniques
TABLE 20 Field Classification, Volunetric Composition and Liptinite Fluorescence Colours of Some Mae Sot Basin Lacositcs and Related Rocks
Sample Field
location classification 
and t u b e r
R G A M I C M A T T E R INORGANIC HATTER
X X
L I P T I M I T E S Vitrinite* Faunal Clay/ Pyrite/ C o m m e n t s















=0.00-0.35 m oi l shale A 45 - sparse
11269 (mo,rare bgy; (mo;
2.5Y8/10, 2.5Y8/10)
2.5GY8/10)
0.642-0.676 m oi l shale A 25 (5-40) rare sparse
12557 (mo,sparse (mgy; (by,mo;
by; 2.5Y8/10, 2.5GY8/8) 5Y8/12,
5Y8/12) 2.5Y8/1Û)
=0.50-0.90 m oi l shale A 25 rare sparse
11270 (mo,do,rare (my; (mo,do;






rare 1 3 49 faunal remains mostly 






sparse rare 1 73 sample strongly 





rare sparse 3 71 faunal remains mostly 
from fish and probable 
ostracodes
1.006-1.036 m oil shale B 20














R G A N I C M A T T  
X
E R INORGANIC HATTER 
X
L I P T I N I T E S Vitrinite+ Faunal Clay/ Pyrite/ C o m m e n t s
(including fluorescence colours with inertinite remains silt- other




Lamalginite Tclalginitc detrinite resinitc
PIT 202
=0.00-0.35 m oil shale A 
11269
0.642-0.676 m oil shale A 
12557
=0.50-0.90 m oil shale A 
11270



























rare 1 49 3 faunal remains mostly 













sparse rare 73 1 sample strongly 












rare sparse 71 3 faunal remains mostly 
from fish and probable 
ostracodes





Sanple Field 0 R G A N I C H A T T E R INORGANIC HATTER
location classification X X
and nmfaer L I P T I M I T E S Vitrinite* Faunal Clay/ Pyrite/ C o m m e n t s
(including fluorescence colours uith inertinite remains silt- other




















5 - sparse rare
(dg,by,my; 5Y8/ (by,my; (my,mo;
10-12.7.5GY4/2) 5Y8/10-12) 5Y8/10,
2.5Y8/10)





1 (rare-25; - sparse sparse
dg,rare mgy, (my; (my;
my; 7.5GY4/2, 5Y8/10) 5Y8/10)
2.5GY8/8,5Y8/
10)











to alginite abundance; 
rare sporinite (mo, do; 
2.5Y8/8-10)
1 sample strongly




















0 R G A N I C M A T T  
X
L I P T I N I T E S
(including fluorescence colours uith 
M m s e l l  colour notation)
Lipto- Bitumen*
Lamalginite Tclalginite detrinitc rcsinitc
R INORGANIC HATTER
X
Vitrinite* Faunal Clay/ Pyrite/ C o m m e n t  s









































sparse 1 96 sparse faunal remains mostly 
from fish and probable 
ostracodes














sparse rare 77 2 sample strongly Lmnnutcd 






8.903-8.964 m oil shale B 
12565
TRENCH 101
0.140-0.160 m oil shale A 
12551
0.364-0.384 m oil shale A 
12552
1.514-1.529 m oil shale B 
12553
O R G A N I C H A 1 T T E R INORGANIC HATTER
X X
L I P T I N I T E S Vitrinite* Famal Clay/ Pyrite/ C o m m e n t s
(including fluorescence colours with inertinite reaains si It- other




Lamalginitc Telalginitc detrinite resinite
10 - sparse rare sparse sparse 88 1 faunal remains mostly
(do,my,dgy, (by,my, (by,bgy; from fish
rare bgy,mgy, bo,mo; 5Y8/12,





40 - rare rare sparse 1 56 2 faunal remains mostly
(ox),do, rare (mo,do; (mo; from probable ostracodes
byg; 2.5Y8/8- 2.5Y8/ 2.5Y8/
10,2.5GY8/10) 8-10) 10)
35 - rare rare sparse 1 62 1 faunal remains mostly
(do; 2.5Y8/8) (do,mo; (by,myg; from fish and probable
2.5Y8/ 5Y8/12, ostracodes
8-10) 2.5GY8/8)
25 - rare sparse sparse 1 73 sparse faunal remains mostly
(mo,rare bgy; (mo,by; (nonfluo- from fish and probable








0 R G A N I C M A T T  
X
L I P T I N I T E S
(including fluorescence colours uith 
Hunsell colour notation)
E R INORGANIC NATTER
X
Vitrinite* F a m a l  Clay/ Pyrite/ C o m m e n t s





lamalginitc Telalginitc de t r i m t e  resinile
1.919-1.962 m 
12554






































sparse rare 90 3 faunal remains mostly 
from fish
PITS 202-204, miscellaneous spot samples























Field 0 R G A N 1 C H A T T C R INORGANIC HATTER
classification X X
L I P T l M I T E S Vi trinite* Faunal Clay/ Pyrite/ C o m m e n t s
(including fluorescence colours with inertinite remains silt- other




Lamalginite Telalginite detrinite resinite
' o i l  s h a le *  C 5 - sp a rse r a r e r a r e sparse- 93 1
(m o ,d g ,r a r e ( mo, my ; (d u ;
m gy .b g y .b o ; 2.5Y8/1Ü, 2 .5YB /8)
2 .5Y8/10 , 
7.5GY4/2, 
2 .5 G Y 8 / 8 -12, 
2 .5 Y 8 / 1 2 )
5Y8/10)
' o i l  s h a le ' C 7 - sp a rs e sp a rse r a r e r a r e 92 sp a rs e
(d g ,m y ,r a r e (b y ; (b y ;
b y ,b g y ;  7 .5  
GY4/2-A.5Y8/ 
1 2 ,2 .5GY8/ 
10 -1 2 )
5Y8/12) 5Y8/12)
o i l  s h a le  A 30 - s p a rs e sp a rs e s p a r s e sp a rs e 66 3
(m o ,r a r e  b gy ; (mo; (m y ,b y ;
2 . 5Y8/10 ,2 .5 2.5Y8/ 5Y8/10-
GY8/10-12) 10) 12)
fluorescence intensities: b = bri^it, m = medium, d = dull; fluorescence colours: g = green, y = yellow, o = orange, r = red, b  -  brom i,
e.g. bgy = bri^it greenish yellow
j^inffanriK- rare<fi.1X by voluae, 0.1Xisporse<0.5X, 0.5X<cammort£2.0X, 2.0X<abundant<10X, 10 X <m ajori30X , dom m ant>30X  
Fluorescence colours and intensities are listed in order of abundance.
Uhere saaples are strongly laminated, the ranges for lamalginite abundances are given within brackets.
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TABLE 21 Vi trim te Reflectances of Sane Mae Sot Basin Lacosites and Related Rocks
Sample location Saple nusÉJer Classification Mean maxima vitrinite Range of Nunber
reflectance values of
X readings
Mae Sot Basin Lacosites
PIT 202
(=0.00-0.35 m) 11269 oi l shale A 0.29 0.25-0.33 10
(0.642-0.676 m) 12557 oi l shale A 0.30 0.24-0.37 20
(=0.50-0.90 m) 11270 oil shale A 0.31 0.25-0.37 19
(1.006-1.036 m) 12558 oil shale B 0.30 0.26-0.35 17
(=1.05-1.08 m) 11267 'oil shale' D 0.36 0.28-0.45 4
(1.346-1.388 m) 12559 'oil shale' C 0.31 0.26-0.39 12
(=1.08-1.8 m) 11268 'oil shale' C 0.29 0.20-0.41 20
(2.071-2.102 m) 12560 oil shale A 0.31 0.23-0.45 16
PIT 204
(3.419-3.479 m) 12561 'oil shale' D 0.31 0.28-0.34 4
PIT 203
(7.582-7.622 m) 12562 'oil shale' D No measurable vitrinite
(7.929-7.999 m> 12563 'oil shale' C 0.29 0.24-0.36 11
(8.399-8.431 m) 12564 oil shale A 0.29 0.21-0.36 20
(8.903-8.964 m) 12565 oil shale B 0.34 0.24-0.40 20
TRENCH 101
(0.140-0.160 m) 12551 oil shale A 0.28 0.19-0.37 16
(0.364-0.384 m) 12552 oil shale A 0.25 0.21-0.31 19
(1.514-1.529 m) 12553 oil shale B 0.28 0.19-0.35 21
(1.919-1.962 m) 12554 'oil shale' C No measurable vitrinite
(6.807-6.832 m) 12555 'oil shale' D No measurable vi tri ni te
(7.217-7.243 m) 12556 'oil shale' B 0.27 0.19-0.41 22
Miscellaneous spot samples
PITS 202-204
11271 oil shale B 0.32 0.23-0.45 20
11272 'oil shale' D 0.32 0.22-0.47 21
11273 'oil shale' C 0.28 0.21-0.40 20
12070 oil shale A 0.36 0.18-0.51 30
56




A B U N
Telalginite






V O L U M E
Eastern Queensland soft brown major- rare- rare- rare- absent-
lacosi tes coal* dominant common common major rare











Mae Sot Basin hara-bright major- sporadic, rare- rare- common-
lacosi tes brown coal dominant locally common sparse abundant
abundant
key: rare<0.1X by volumi, 0.1X<sparse<0.5X, 0.5X<common<2.0X, 2.0%<abundwit<10Xr 10X<major<30X, 
dominant>30X
* - based on R^max of overlying coal seams or coaly layers




o K G A N 1 c H A 1
X
L I P T I N (ALU
(including fluorescence colours uith 
Mcnsell colour notation)
L R I IMJK(iAN 1C HA I ILK
Z
Vitrinite*- Fatima l Clay/ Pyrite/ C o m m e n t  s





Lamalginite Telalginite detrinite resinite
Mae Moh Basin


















sparse sparse 83 5 rare cut inite (my) and 
rare sporinite (mgo); 
sanple strongly laminated Ol
-4












20 78 1 rare sporinite (mo,my)
rare cut inite (my,by,mo, 
do)
































7 rare 90 1 clasts of coaly
lacosite in clayslone 
matrix
TABLE 23 continued
Sample Field 0 R G A N I C  H A T T E R INORGANIC M A U E R
location classification X X
and nuriber L I P T I N I T E S Vi trinite* Faunal Clay/ Pyrite/ C o m m e n t  s
(including fluorescence colours with inertinïte remains silt­ other




Lamalginite Telalginitc detrini te resinile
Ban Pa Ka Li Basin











Ban Huay Dua Basin
11266 lacosi te 30 sparse sparse









30 62 sparse sparse fluorescing detro- 
vitrinite (db), sparse 
sporinite (my,mo,dgb),
3% cut inite (dgy,mo,do)
3 73 1 rare cutinite (dg), sparse 
sporinite (by,mg,my)







Sample Field 0 R G A N I C  H A T
location classification X
and rentier L I P T I N I T E 
(including fluorescence colours with 
Hunsell colour notation)
Lipto- Bitumen*-
Lamalginite Telalginite detrinite resinite
Mae Teep Basin










































Vitrinite*- Faunal Clay/ Pyrite/ C o m m e n t s  




rare 61 4 rare sporinite (mo), 
faunal remains mostly 
fish remains
59
- 61 4 rare sporinite (mo,bo, 
my)








0 R G A N I C M A T T E R INORGANIC NATTER
X X
L I P T I N I T E S 
(including fluorescence colours with 
Hunsell colour notation)
Vitrinite* Faunal Clay/ Pyrite/ 







































sparse - 74 3 rare sporinite (by,my)
key: fluorescence intensities: b = bright, m = medium, d = dull; fluorescence colours: g = green, y = yellow, o = orange, r = red, b = brow;
e.g. bgy = bright greenish yellow
abundances: rare<0.1X by volume, 0.1X<sparse<0.5%, 0.5%<common<2.0%, 2.0%<abundant<1 OX, 10%<major<30%, dominant>30X 
notes: Fluorescence colours and intensities are listed in order of abundance.




TABLE 24 Vitrinite Reflectances of Some Miscellaneous Thai Oil Shales and Related Rocks









Mae Moh Basin 12542 lacosite 0.23 0.19-0.35 27
12545 coaly shale (underclay) 0.29 0.22-0.35 20
12546 coaly shale (underclay) 0.24 0.20-0.29 25
12547 brecciated lacosite 0.22 0.17-0.32 25
Ban Pa Ka Li Basin 11264 coaly shale 0.53 0.49-0.60 8
15417 lacosite 0.31 0.25-0.40 25
Ban Huay Dua Basin 11266 lacosite 0.32 0.23-0.47 25
Mae Teep Basin 15419 lacosite 0.32 0.29-0.38 25
15570 lacosite 0.27 0.21-0.32 25
15571 lacosite 0.30 0.24-0.34 25
Ban Na Hong Basin 15418 lacosite 0.32 0.25-0.38 25
Jae Horn Basin 15416 lacosite 0.30 0.25-0.35 15
FIGURE 22 Map of Australia showing probable areal extent of Toolebuc Formation oil shales 
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TABLE 25 Generalised Table of Cretaceous Formations of the Eromanga Basin (largely after Exon and Senior, 1976 and Cook, 1962a)










Cenomanian Winton Formation (500) sandstone, siltstone, mud­
stone, conglomerate, coal; 
freshwater molluscs, 
reptile tracks
common coal, which comprises 
major vitrinite, common inert- 
inite and common liptinite; 
common to abundant DOM** which 
comprises common vitrinite, 
sparse suberinite, sparse to 
common sporinite, sparse to 
common cutinite, rare resi ni te, 
and common inert inite
fluvial, lacustrine, swampy
Early Late Mackunda Formation (60) sandstone, siltstone, mud­ common DOM which comprises inland marine, largely O)
Cretaceous AIbi an stone, limestone, conglom­
erate, possibly some coal; 
marine molluscs, fish remains, 
foraminifers
rare to absent vitrinite, rare 
sporinite, rare cuti ni te, rare 
to sparse 'bitumen + resinite1, 
common lamalginite, rare bitum- 
inite and sparse to common 
inerti ni te





Allaru Mudstone (200) mudstone, siltstone, sand­
stone; marine molluscs, 
ammonites, pelecypods, 
foraminifers
common DOM which comprises 
rare to absent vitrinite, 
rare cut inite, rare sporinite 
rare to sparse 'bitumen + 
resinite', common lamalginite, 
rare bituminite and sparse to 
common inert inite














Late Toolebuc Formation (15) oil shale (bitosite), cal-
Albian careous shale, siltstone,
limestone, coquinite, sand­














stone, some coaly beds; 
marine pelecypods, gastro­
pods, belemnites, scaphopods, 
ammonites, foraminifers, 
burrows, crinoids, brachio- 
pods, decapods, crustaceans
(60) sandstone, some siltstone; 
rare macrofossils
the oil shales contain major 
bituminite, common to 
abundant lamalginite largely 
derived from dinoflagellate 
and acritarch cysts, common 
to abundant liptodetrinite, 
absent to common telalginite, 
rare sporinite, rare 'bitumen 
+ resinite* and rare to common 
'vitrinite + inertinite'; DOM 
in other lithologies is similar 
to that in the Mackunda Form­
ation and the Allaru Mudstone
common DOM similar in compos­
ition to that of the Makunda 
Formation and Allaru Mudstone; 
sparse coal; possible bitum­
inite- rich horizons present 
which may be TF cavings
Generalised organic
petrology *
Major environments of 
deposition
shallow, inland marine; 
transgressive
shallow, inland marine; 
in places para lie; regressive 
and transgressive
O)
common DOM similar in compos- littoral and epilittoral, 
ition to that of the Makunda inland marine, fluvio-deltaic, 
Formation and other Cretaceous fluvial 
marine facies
TABLE 25 continued
Epoch Age Formation (average Lithology and
thickness in m) paleontology
Early Neocomi an Mooga Formation (150) sandstone with s
Cretaceous to Early conglomerate and
Apt i an coal interbeds; 
macrofossiIs
Generalised organic Major environments of
petrology * deposition
iltstone, comrton to abundant DOM which fluvial and lacustrine
sparse comprises common to abundant in part
rare vitrinite, sparse to common
inertinite and sparse liptimte
organic petrological data were obtained from wet l-cuttings samples and therefore some errors possibly exist because of incorrect 
identification of cavings
** DOM = dispersed organic matter
key: rare<0.1X by voliae, 0.1X<sparse<0.5X, 0.5X<camnn<2-0X, 2.0X<abundant<10X, 10Xonajor<30X, doainant>30X
CD
01
TABLE 26 Generalised Table of Late Jurassic to Cretaceous Formations of the Carpentaria Basin (after Smart et al.. 1980)
Epoch Age Formation (average Lithology Major environments of
thickness in m) deposition
Early Cretaceous Late Albian Normanton Formation (250) sandstone with some siltstone 
and shale; locally calcareous, 
minor limestone
shallow marine to paralic




Early Cretaceous Late Albian Toolebuc Formation (15) oil shale (bitosite), calcareous 
shale, limestone, coquinite
shallow marine
Early Cretaceous Late Aptian to Wallunbilla Formation (255) mudstone, siltstone, limestone, shallow mari ne
Early Albian sandstone
Early Cretaceous Pol land Waterhole Shale (30) shale, minor sandstone shallow mari ne
Early Cretaceous Neocomian to Mullaman Beds (60) sandstone, shale, siltstone, shallow marine to paralic
Early Albian conglomerate
Late Jurassic to Gilbert River Formation (95) sandstone, conglomerate, fluvial, estuarine, shallow
Early Cretaceous siltstone marine
TABLE 27 Summary of Organic Petrology of loolebuc Foration Oil Shales
Organic natter type Average range in Conmon fluorescence intensity and
abundance (X of colour (Munsell colour notation) 
total rock)
bituminite + micrinite 10-40 dull orange and brown or no 
fluorescence (2.5Y6/8, 7.5YR5/6, 
5YR4/8)
lamalginite 1-10 bright yellow to dull orange 
(5Y8/10-12, 2.5Y8/8, 2.5Y7/10-12)
liptodetrini te 1-10 bright yellow to dull orange 
(5Y8/10-12, 2.5Y8/8, 2.5Y7/10-12)
telalginite absent-1 bright to medium yellow and
greenish yellow (5Y8/10-12, 
2.5 GY 8/10-12)



























Ÿ ~ i'«i* ¿«-4/ i 4, i ».
Organic Matter type Average range in 
abmdance (X of 
total rock)
Comon fluorescence intensity and 
colour (Hinsell colour notation)
Fora Probable main 
progenitor
sporinite absent - rare medium yellow and orange 
(2.5Y8/10, 5Y8/10)
di sc-shaped spore and 
pollen














organic matter of 
unknown affinity










key: rareO.1% by vol use, 0.1X<sperse<0.5X, 0.5X<comon<2.0X, 2.0%<abindant<10X( 10X<major^30X, doMÎnant>30X
TABLE 28 Volumetric Composition and Dominant Liptinitc fluorescence Colours of Toolebuc Formation Oil Shales and Related rocks
O R G A N I C N A T T E R  A: B U N D A N C E M I N E R A L  A B U N D A N C E
X



















































































rare 1 5 65
Comments
2% distinct carbonate





(dominant fluorescence colours with Hunsell 
colour notation)








11465 12 1 2 - sparse
(db,do; (my,by,bo, (my,by,bo, (by,my;
7.5YR5/6, mo, do,mb; mo,do,mb; 5Y8/10-
2.5Y7/12) 5Y8/10-12, 5Y8/10-12, 12)
2.5Y8/8-12, 2.5Y8/8-12,
7.5YR5/8) 7.5YR5/8)
11466 1 sparse sparse - -
(do,db; (by,my,bo, (my,bo,mo,




11467 35 2 4
(¿Mp; . (my,by,mo, (by,my,bo,
7 ^ 5 / 6 , do; 5Y8/10- do,mo; 5Y8/
2.5Y7/12) 12,2.5Y8/8- 10-12,2.5Y
10) 8/8 -12)











1 3 29 52% distinct carbonate o
1 1 4 92% distinct carbonate






(dominant fluorescence colours with Munsell 
colour notation)
O R G A N I C  H A T T E R  A B U N D A N C E
X
























s p a r s e
r a r e




2 2 45 12% d i s t i n c t  c a r b o n a t e  —*■
1 9  56  s p a r s e  d i s t i n c t  c a r b o n a t e ,
r a r e  l i p t i n i t e  o f  u n know n  








O R G A N I C  N A T T E R  A B U N D A N C E  M I N E R A L  A B U N D A N C E
X X







resinite ite + remains
inerto- 
detrinite











2 2 1 -
(rare do,db; (my,dy,do, (do,dy,my,
2.5Y7/12, mb,db,dg; dg,db,mb;
7.5YR5/6) 5Y8/8-10, 2.5Y8/8,
■ ‘•1>' 2.5Y8/8,7.5Y 5Y8/8-10,
R5/6-8.5GY6/ 5GY6/6,7.5Y
6) R5/6-8)
fluorescence colours: y = yellow, o = orange, b =
fluorescence intensities: b = bright, m = medimi, d =
1 12 80
8 88
brown, g = green, r = red 
dull
e.g. bgy = bright greenish yellow
abundances: rareO.IX by volume, 0.1X<sparse<0.5X, 0.5X<comon<2 - OX, 2.0X<abmdant<10X, 10X<major<30X, dominant>30X

















Bitiainite Reflectance Data for Toolebuc Foration Oil Shales and Related Rocks




0 .2 5 0 . 1 9 - 0 . 3 3 24
0 . 2 3 0 . 1 6 - 0 . 2 7 25
0 .21 0 . 1 7 - 0 . 2 7 16
0 .1 5 0 . 1 2 - 0 . 1 8 21
0 .1 5 0 . 1 3 - 0 . 1 7 10
0 . 1 8 0 . 1 4 - 0 . 2 3 19
0 . 1 6 0 . 1 3 - 0 . 1 8 26
0 . 1 6 0 . 1 3 - 0 . 2 1 25
0 . 1 7 0 . 1 4 - 0 . 2 0 15
0 . 1 6 0 . 1 3 - 0 . 1 9 19
TABLE 30 Depositional Models for Soae Deposits that have Petrological Similarities to the Toolebuc Formation
Deposit name Period, epoch 
or age
Location Major petrological 
similarities
Depositional model Reference
e p e i r i c  ' b l a c k  s h a l e '  
f a c i e s  i n  g e n e r a l
v a r iou s v a r i o u s o r g a n i c  m a t t e r  
c o n t e n t ;  d e p o s i t i o n a l  
s e t t i n g
t r a n s g r e s s i v e  m ax im a ;  warm, e q u a b l e  
c l i m a t e s ;  s t r a t i f i e d  w a t e r  c o lu m n ;  
o x y g e n  d e p l e t i o n ;  p o o r  c i r c u l a t i o n ;  
h i g h  n u t r i e n t  s u p p l y
T y s o n ,  190/^
e p e i r i c  ' b l a c k  s h a l e s ' C r e t a c e o u s v a r i o u s o r g a n i c  m a t t e r  c o n t e n t ;  
d e p o s i t i o n a l  s e t t i n g ;  
g e o l o g i c  p e r i o d
e p i c o n t i n e n t a l  a n o x i a  a s s o c i a t e d  w i t h  
t r a n s g r e s s i o n ;  h i g h  p r o d u c t i v i t y ;  
r e s t r i c t e d  c i r c u l a t i o n ;  warm c l i m a t e
Z im merman e t  a l  
1 9 87
Little Qsage and 
Excello Shales
U p p e r  C a r b o n i f e r o u s K a n s a s  and  
O k la h o m a ,  USA
m a c e r a l  c o m p o s i t i o n ;  
v a n a d iu m  e n r i c h m e n t
b a r r e d  b a s i n  t h a t  h a d  a n o x i c  b o t t o m  
w a t e r s  d u r i n g  maximum t r a n s g r e s s i o n ;  
h i g h  p r o d u c t i v i t y
W e n g e r  and  
B a k e r ,  1986
Chattanooga Shale 
and associated organic 
matter-rich shales 
(including the Cleveland,
D e v o n i a n -  
C a r b o n i  f e r o u s
USA m a c e r a l  c o m p o s i t i o n ;  
g a m m a - ra y  a n o m a ly
s l o w  d e p o s i t i o n  i n  w a t e r  l e s s  t h a n  3 0  m 
d e e p ;  some r e w o r k i n g  f r o m  c u r r e n t s
so m e  c i r c u l a t i o n  i n f e r r e d  f r o m  U
C o n a n t  a n d  
S w a n s o n ,  1961
S w a n s o n ,  1960b
Shale, Antrim Shale, c o n c e n t r a t i o n ;  c u r r e n t s  i n d i c a t e d  b y
Ohio Shale and New r i p p l e  m a rk s  a n d  c r o s s - l a m i n a e
Albany Shale)
s t r a t i f i e d  s e a ;  u p w e l l i n g s  s u p p l i e d  
n u t r i e n t  e n r i c h m e n t  f o r  p h y t o p l a n k t o n
J o h n s o n ,  1982
TABLE 30 continued
Deposit name Period, epoch Location Major petrological
or age similarities





thick, laterally extensive black shales 
are regressive sequences and distal 
facies were deposited in deep water; 
thin, laterally extensive black shales 
are transgressive facies deposited in 
quiet water
euxinic basin that had water depths less 
than 200 m
water column intermittently stratified; 
circulation restricted; intermittent 
intersection with oceanic oxygen-mini mum 
zone; maximum water depth of 200-500 m
anaerobic bottom waters that contained 
hydrogen sulphide; probable water 
column stratification due to water 
chemistry, temperature or both
anoxic bottom waters in a stratified 
water colunn
Matthews and 
Feldk i rchner, 
1983





Senftle et al.. 
1988
B e i e r ,  1988
TABLE 30 continued
Deposit name Period, epoch Location
or age
v a r i o u s  o r g a n i c  m a t t e r -  C r e t a c e o u s  
r i c h  s h a l e s  i n c l u d i n g  
t h e  P i e r r e  S h a l e  a n d  
G r e e n h o r n  F o r m a t i o n
C o l o r a d o ,  
K a n s a s ,  N o r t h  
D a k o t a ,  S o u th  
D a k o t a ,  USA
G r e e n h o r n  F o r m a t i o n  M i d d l e  C r e t a c e o u s  C o l o r a d o ,  USA
B o u n d a r y  C r e e k  
F o r m a t i o n
u p p e r  C r e t a c e o u s N o r t h w e s t  
T e r r i  t o r i e s ,  
C a n a d a
Mowry Shale l a t e  A l b i a n  USA
Major petrological 
similarities
m a c e r a i  c o m p o s i t i o n  
( a t  l e a s t  p a r t l y ) ;  
p e r i o d ;  d c p o s i t i o n a l  
s e t t i n g
o r g a n i c  m a t t e r - r i c h ;  
a s s o c i a t e d  l i m e s t o n e s ;  
e p o c h
m a c e r a i  c o m p o s i t i o n ;  
g a m m a - r a y  a n o m a ly
l a m i n a t e d  m u d s t o n e  
( o r g a n i c  m a t t e r  
c o n t e n t  u n k n o w n ) ;  a g e
Deposit!oral model Reference
restricted circulation and episodic or 
periodic dysaerobic/anaerobic bottom 
waters; sulphate reduction zone at or 
just above the seabottom
transgessive facies; density strat­
ification; poor circulation; anoxic 
bottom waters
transgressive; anoxic conditions; 
mostly a stagnant basin








Deposit name Period, epoch 
or age
Location Major petrological 
similurities







transitional between 'open' ocean and 
'closed' marine basin; possible, 
temporary, anoxic bottom conditions
restricted marine basin that had stagnant 
or near stagnant bottom conditions
anoxic sediment conditions; oxic water 
column evidenced by infaunal remains; 
shallow water











various 'black shales' 
including the 
Posi doni enschi efer
Posi doni ensch i efer
Period, epoch Location Major petrological
or age similarities
Toarcian northern Italy organic matter-rich;
(Early Jurassic) associated carbonates
Toarcian various parts macérai composition
of Europe (at least in part);
fossil assemblage of 
inorganic composition 
(at least in part)




anoxia caused by high productivity, 
restricted circulation, oxygen-mi nimum 
zone due to upwelling or a combination; 
anoxic waters possibly from another source
high productivity which led to oxygen- 
depleted waters and organic matter-rich 
deposition; possible salinity 
stratification of waters
oxygenated waters overlying anaerobic 
sediments; biofabric evidence for 
paleocurrents; transgressive
pycnocline development; migration of 
redox boundary; transgressive facies
extensive anoxia with intermittent 
oxygenation
restricted circulation; water 
stratification; oxygen-depleted bottom 
waters in a sea of "moderate depth"
anoxic environment caused by reduced 
salinities of surface waters and 
consequent stratification













Deposit name Period, epoch 
or age
Location Major petrological 
similarities
Depositional model Reference
Kuperschiefer Permian Germany macérai composition; 
metalloporphyrins
shallow sea that had anoxic bottom 













organic matter content 
for some occurrences
pelagic; transgressive maximum; 













Major evidence Depositional sode Is Reference
Ocean organic carbon content; modern analogues anoxic waters caused by a mid-water, oxygen-minimum Thiede and van Andel, 1977
zone
organic carbon content; stratigraphy anoxic waters due to expansion of an oxygen-minimum 
zone
Ryan and Cita, 1977
organic carbon content; literature 
survey
anoxic waters due to an expanded oxygen-minimum 
zone and sluggish circulation
Hal lam, 1977
organic carbon content; laminae oceanic anoxic events due to basin restriction 
and expansion of oxygen-minimum zones; events 
mainly caused by sluggish circulation, high 
paleotemperatures, salinity stratification and 
input of land-pi ant detritus
Arthur and Sch langer, 1979
organic carbon contents; stratigraphy; 
stable isotope data; micropaleontology; 
geochemi stry
oceanic anoxic events caused by low oxygen 
solubilities which were due to high temperatures and 
stabilising effects of salinity stratification; 
events were related to sea level and climate
Arthur, 1979
organic matter content; facies analyses; 
stratigraphy; modern analogues
oceanic anoxic events and associated expansion of 
oxygen-minimun layers; events promoted by low oxygen 
solubility, fertile epeiric seas acting as oxygen 
sinks and high rates of organic matter deposition
Jenkyns, 1980
organic carbon content; 'kerogen type' oceanic anoxic events caused by restricted Tissot et al.. 1980
circulation (stagnation), warm temperatures, low 




Area studied Major evidence Depositional »odeIs
Mediterranean Tethys organic carbon content; paleontology; 
geochemistry
Cape Verde Basin, stratigraphy; organic matter-
continental margin of contents; trace element analyses 
northwest Africa




anoxia throughout the water column caused by either 
expansion of the oxygen-minimum zone or stagnation; 
other factors include raising of carbonate compensation 
depth, decreased clastic input and increases in organic 
productivi ty
sediments that had variable redox conditions due to 
diagenetic changes in oxygen demand, which were 
largely related to organic matter input
anoxic conditions promoted by sluggish circulation, 
high sedimentation rates, low oxygen solubility 
and high productivity associated with volcanic 
activity or with equatorial crossing
organic matter preservation determined by the rate of 
burial, the rate of supply of organic matter and the 
type of organic matter; terrigenous input important; 
productivity high
anoxic environments caused by large inputs of 
terrestrial organic matter from epeiric seas; 
in sane cases, anoxia caused by expansion of the 
oxygen-minimum zone or by localised high productivity
Reference
Arthur and Silva, 1982
Dean and Gardner, 1982
Thiede et al.. 1982
Habib, 1982













Major evidence Depositional Models Reference
organic matter content; geochemistry; 
stratigraphy; lithology
anoxic environments caused by basin restriction in Waples, 1983
some areas and by expanded oxygen-minimum layers in 
some areas; limited evidence for enhanced biologic 
producti vi ty
organic geochemistry
organic matter content; fine 
laminae; pyrite content
anoxia or partial anoxia caused by coincidence of Dean et al., 1984
several factors including warm climate, high 
eustatic sea level, high sedimentation rate, 
slow circulation and high salinity
two major settings: restricted basin and 'oceanic 
anoxic event' during world-wide transgression
d e  G r a c i a n s k y  
et al.. 1987
organic matter content; laminae; 
stratigraphy
ocean-wide paleoenvironment that involved high Summerhayes, 1987
productivity, high sedimentation rates and anoxia; 
world-wide, climatic control according to orbital 
variations
organic matter content; physiography; 'oceanic anoxic event'; restricted circulation; 
mineral assemblages; biostratigraphy; water column stratification; silled basins
Zimmerman 
et al.. 1987
ratios of total organic carbon to 
pyritic sulphur; lack of benthic 
fossils; determination of primary 
production rates
organic matter content; 
micropaleontology




anoxia caused by expansion of the oxygen-minimum Mello et al..




IGURE 23 Schematic cross-sections of the Toolebuc Sea showing various ceDositionat models 
(after Kauffman, 1981; Sherwood and Cook, 1986):
a- algal-fungal mat at water-sediment interface; anoxic-oxic coundary oelow 
water-sediment interface
b- algal-fungal mat and anoxic-oxic boundary at water-sediment interface
c- algal-fungal mat and anoxic-oxic boundary above water-sediment interface
84
TABLE 32 m CD n t 1 of Seme Holocene Organic Matter
Sample Description C H 0 N S H/C O/C
number (a t o ■ i c p e r c e n t a g e s) a t o m i c
69.0 blue-green algae 29.9 47.8 14.2 7.9 0.2 1.6 0.47
69.1 blue-green algae 29.3 50.5 13.3 6 . 8 0.1 1.75 0.45
69.2 blue-green algae 30.6 49.0 13.4 6.9 0.2 1.60 0.44
69.3 blue-green algae 31.2 49.1 12.6 6.9 0.2 1.55 0.40
69.4 coorongi te 35.5 60.3 3.9 0.2 0.1 1.70 0.11
70.0 photosynthetic bacteria 31.7 49.5 12.9 5.8 0.2 1.55 0.41
70.1 sulphur bacteria 30.6 49.7 13.9 5.7 0.1 1.60 0.46
71.0 average wax 2.00 0.05
71.1 average fat 2.00 0.12
71 .2 average bacteria 1.70 0.46
71.4 average cellulose 1 .65 0.82
71.5 average lignin 1.25 0.40
71.6 average hunic acid 0.75 0.53
71 .7 average wood 1.50 0.67
72.0 average carbohydrate 1.65 0.85
72.1 average lignin 43.0 40.6 16.2 0.2 0 .0 0.95 0.38
72.2 average protein 31.6 49.6 9.8 8.7 0.2 1.55 0.31
72.3 average lipid 1.90 0.12
73.0 peat moss-derived peat 36.4 48.1 14.0 1.5 0.1 1.30 0.38
73.1 algal peat 32.2 51.6 14.5 1.5 0.2 1.60 0.45
73.2 tree-derived peat 41.3 42.2 15.5 0.9 0.2 1.00 0.38
73.3 water lily-derived peat 33.0 48.6 16.8 1.5 0.1 1.45 0.51
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FIGURE 24 Atomic H/C_0/C plot fee Holocene organic matter
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algal peat 4- wlphur-bacteiiaKtree peat 
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TABLE 33 Same Determined Repeatabilities and Reproducibilities for Elemental Analyses of Coal


















1.25% 2.65% 4.20% 10.1% 4.6% mean relative deviation




duplicates of various 
types of organic matter)




0.3 0.1 0.03 0.03*
2%**
allowable range in raw 
scores for duplicates
SAA (1986a)
0.9% 2.5% 7% 8% 5% relative deviation approximate 
values from
0.6 0.2 0.8 0.1 range in raw scores the present 
study
REPRODUCIBILITY (INTERLAB)
0.6 0.2 - 0.08 0.08*
10%**
allowable range in raw 
scores for duplicates
SAA (1986a)
NOTE - SAA values are recomended tolerances at 95X probability for air-dried, low-rank coal samples
- percentages are relative deviations
- applies to analytical values < 2%
- applies to analytical values > 2X
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TABLE 34 Elemental Analyses and Selected Statistics for sane Replicate Cases Analysed at the
Same Laboratory
Analyst/ Sample Statistic Total Total Total Total Total
reference a m b e r carbon hydrogen oxygen ni trogen sulphur
( p e r c e n t a g e b y u e i g h t )
INTRALABORATORY COMPARISONS FOR DIFFERENT 'BATCHES'
University 34.0 80.1 7.7 _ 1.4 .
of 82.2 7.7 - 1.2 -
Wo ilongong 82.1 7.7 - 1.3 -
80.9 7.7 - 1.3 -
82.1 7.6 - 1.3 -
80.6 7.5 - 1.2 -
range 2.1 0.2 - 0.2 -
relative aeviation 2.6 2.6 - 15.5 -
20.1A 18.2 3.2 6.1 0.6 -
20.1B 17.0 3.1 6.1 0.6 -
range 1.2 0.1 0 0 -
relative aeviation 6.8 3.2 0 0
AMDEL 1.1A 63.0 8.1 14.6 1.8 5.5
1.1B 66.0 8.6 14.3 1.7 3.4
range 3.0 0.5 0.3 0.1 2.1
relative deviation 4.7 6.0 2.1 5.7 47.2
34.0A 82.5 7.8 6.7 1.2 1.4
34. OB 82.0 7.6 6.8 1.2 1.8
range 0.5 0.2 0.1 0 0.4
relative deviation 0.6 2.6 1.5 0 25.0
INTRALABORATORY COMPARISONS ACCORDING TO SAMPLE PREPARATION —  pyrite demineralised (*) and
pyr i te not demi nerali sed
AMDEL 1 - 1C 57.2 8.2 16.2 2.2 6.5
*1.1A,B 64.5 8.4 14.5 1.3 4.5
range 7.3 0.2 1.7 0.4 2.0
relative aeviation 12.0 2.4 11.1 20.0 36.4
AMDEL 34.0C 84.4 7.7 5.9 1.5 1.7
*34.0A,B 82.3 7.7 7.8 1.2 1.6
range 2.1 0 1.9 0.3 0.1
relative deviation 2.5 - 27.7 22.2 6.1
MOTE - relative deviation = (range)(100)/average
- for «-«««»g demineralised for pyrite <*) the values are averages for «Aulicates A and B
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TABLE 35 Elemental Analyses and Selected Statistics for Some Replicate Cases Analysed
at Different Laboratories
Analyst/ Sanple Statistic Total Total Total Total
reference ixuber carbon hydrogen oxygen nitrogen
(percentage! by weight)
University 65.0 80.5 5.7 - 1.0
of Wollongong 
Somers (1980) 68.0 81.8 4.8 2.3 1.1
Wehner (1980) 68.1 73.6 5.2 0.6 1.2
range 8.2 0.9 1.7 0.2
relative deviation 10.4 17.2 41.3 18.2
Universi ty 64.0 78.2 9.4 - 2.9
of Wollongong 
Durand (1980b) 67.0 85.6 10.0 1.0 3.3
Wehner (1980) 67.1 84.3 9.8 1.1 3.2
range 7.4 0.6 0.1 0.4
relative deviation 8.9 6.2 8.7 12.7
Universi ty 
of Wollongong
34.0D 82.2 7.7 1.2
AMDEL 34.OC 84.4 7.7 - 1.5
range 2.2 0 - 0.3
relative deviation 2.6 0 - 22.2
Universi ty 
of Wollongong
1.1D 51.9 6.5 1.6
AMDEL 1.1C 57.2 8.2 - 2.2
range 5.3 1.7 - 0.6
relative deviation 9.7 23.1 - 31.5
NOTE - relative deviation = (range)(100)/average
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TABLE 36 Strategy for E^loyment of Statistical Analyses —  Major Techniques Used and Rationale





2 scatterplots and binary
correlation coefficients (r)
MULTIVARIATE
3 R-mode* principal components
analyses (PCA)
4 discriminant function analyses
5 Q-mode** cluster analyses
-assessment of distributions of variates 
-testing for normality and determination 
of limitations of the data 
-assessment of outliers 
-sumiarisation of univariate statistics 
according to petrological groups
-testing for linearity and 
multi col linearity
-assessment of possible solutions to 
broken assunptions on these aspects 
-assessment of outliers 
-determination of bivariate relationships 
(where N is low, only bivariate analyses 
are applicable)
-comparison with documented plots
-determination of interrelationships of 
variables; explanations of variability 
and of possible sources of variation 
-data reduction (elimination of 
redundant variables) and parsimonious 
data representation
-to distinguish petrological groups 
with geochemical variates 
-description of group differences 
according to geochemical variables and 
determination of the variables important 
for discrimination 
-assessment of validity of the 
discrimination by classification of 
nonassigned cases
-efficient presentation of the data 
and assessment of spatial orientation 
of the groups on the discriminant 
functions
-delineation of natural groupings based 
on geochemical variates and comparisons 
of the groups to petrological groups 
-description of the geochemical clusters 
NOTE: - R-aode e^sloys correlations of variables














Short Descriptions of the Main Data Sets and Oil Shale Types 
Contents N Appendix
deposit types and atomic H/C and 0/C values
deposit types and atomic and weight (DMMF) percentages of 
C, H, 0, N, and S; a subset of HCOC
atomic percentages of C, H, 0, N, and S, maceral and mineral 
compositions, liptinite fluorescence, ranks and oil shale types; 




petrographic and elemental, atomic percentage data for cases 35 11
that contain >90% MMF of one maceral; a subset of CHONSPET
atomic percentages of C, H, 0, N and S and deposit types of the 43 12
parent rocks for retort oils; a subset of CHONS
petrographic and elemental, atomic percentage data for organic matter, 25 13
and elemental data for their retort oils; a subset of CHONSOILS
deposit types and pyrolysis data (Tmax, Ŝ , Ŝ , S^ and TOC) 49 14
from Rock-Eval
pyrolysis, petrographic and elemental, atomic percentage data; 13 15
a subset of PYROL









FIGURE 27 Histograms of frequency distributions for atomic H/C CHCOC' data set) and atomic
percentages of C, H, 0, N and S ('CHONS' data set), divided according to deposit types
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Figure 27 continued
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FIGURE 28 H i s t o g r a m s  o f  f r e q u e n c y  d i s t r i b u t i o n s  f o r  l o g - c e n t r e d  t r a n s f o r m s  o f  a t o m i c  p e r c e n t a g e s  o f
C, H, 0 ,  N and S ,  d i v i d e d  a c c o r d i n g  t o  d e p o s i t  t y p e s  ( 'C H O N S ' d a t a  s e t )
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LC- log-centred • AT-atomic- + -  > 1 0  d a t a  p o i n t s .
© outlier
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FIGURE 29 H i s t o g r a m s  o f  f r e q u e n c y  d i s t r i b u t i o n s  f o r  a t o m i c  p e r c e n t a g e s  o f  C , H, 0 ,  N and  S i n  r e t o r t
o i l s ,  d i v i d e d  a c c o r d i n g  t o  d e p o s i t  t y p e s  o f  o r g a n i c  m a t t e r  s o u r c e s  ( 'C H O N S O IL S '  d a t a  s e t )
CATfi 
4 8 . 0 0




_ * + 3






1 .00 2 . 0 0 3 . 0 0 4 . 0 0 5 . 0 0 6 . 0 0
H A T %











5 5 . 0 0 +
- *
5 0 . 0 0 +
+----- ------ + ----------- - + D E P T Y P E
1 . 00 2 . 0 0 3 . 0 0 4 . 0 0 5 . 0 0  6 - 0 0
O A T %
1 5 . 0 0 +
-
1 0 . 0 0 +
— *




- 5 + * 4
. 0 0  + 9
1 . 0 0 2 . 0 0 3 . 0 0 4 . 0 0 5 . 0 0 6 . 0 0
99
Figure 29 continued
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FIGURE 30 Histograms of frequency distributions for atomic H/C and atomic percentages of C, H, 0, N
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Figure 30 continued
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SHORT DESCRIPTIONS OF CODES USED FOR 'OIL SHALE TYPES' IN THE DATA TABLES AND FIGURES 
(MACERAL COMPOSITIONS ON MINERAL-FREE BASES)
1 - liptinite-rich humic
coal -
2 - coaly cannel -
3 - torbanitic coal -
4 - bitosite -
5 - bitomarosite -
6 - lacositic shale -
7 - coaly lacosite -
8 - weathered lacosite -








10%<higher-plant liptinite<50%, telalginite<10%, 50%<vitrinite + inertinite<90% 
50%<higher-plant liptinite<90%, telalginite<10%, 10%<vitrinite + inertinite<50% 
10%<telalginite<50%, higher-plant liptinite<50%, 10%<vitrinite + inertinite<50% 
bituminite>50%, lamalginite<50%, telalginite<50%
50%<lamalginite<90%, 10%<bituninite<50%, telalginite<50%
10%<lamalginite<50%, higher-plant liptinite<50%, 50%<vitrinite + inertinite<90% 
50%<lamalginite<90%, higher-plant liptinite<50%, 10%<vitrinite + inertinite<50% 
see lacosite below 
see torbanite below
telalginite>50%, lamalginite<50%, bituninite<10%
lamalginite>50%, higher-plant liptinite<50%, vitrinite + inertinite<10% 
telalginite>50%, lamaIginite<50%, bituminite<10%
50%<telalginite<90%, higher-plant liptinite<50%/ 10%<vitrinite + inertinite<50% 
telalginite>50%, higher-plant liptinite<50%, vitrinite + inertinite<10%
For more details of the oil shale classification scheae, see Chapter 9
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Histograms of freouency distributions for atomic Dercentages of C, H, 0, n and S in retort 
cils of petrographically controlled cases, divided according to oil shale types of organic 
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FIGURE 32 Histograms of frec*jency distributions for pyrolysis variates, divided according to 
deposit types ('PYROL' data set)
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FIGURE 33
Histograms o f  f r equency  d i s t r i b u t i ­
ons fo r  p y r o l y s i s  v a r i a t e s  f o r
c o n t r o l l e d  cases ,  d i v id e d  a cco rd in g  t o  o i l  sh a le  types
p e t r o g r a p f l i c a l  l y
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Figure 33 continued
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Figure 34 con t inues
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HORT DESCRIPTIONS OF CODES USED FOR 'OIL SHALE TYPES' 
MAŒRAL CCWOSITIONS ON NINERAL-FREE BASES)
IN THE DATA TABLES A>C FIGURES
- Iiptinite-rich hemic
coal -
- coaly camel -
- torbanitic coal -
- bitosite -
- bitomarosite -
- lacositic shale -
- coaly lacosite -





- coaly torbanite/ -
torbanite -
- bitumen
10%<higher-plant l iptinite<50%, telalginite<10%, 50X<vitrinite + inertini te<90% 
50%<higher-plant liptinite<90%, telalginite<10%, 10X<vitrinite + inerti ni te<50% 
10%<telalginite<50%, higher-plant liptinite<50%, 10%<vitrinite + inertinite<50% 
bi tuniini te>50X, lamalgini te<50%, telalginite <50%
50%<lamalginite<90%, 10%<bituminite<50%, telalginite<50%
10X<lamalginite<50X, higher-plant liptinite<50X, 50X<vitrinite + inertinite<90X 
5CX<lamalgini te<90X, higher-plant liptinite<50X, 10X<vitrinite + inertinite<50X 
see lacosite below 
see torbanite below
telalginite>50%, lamalginite<50%, bituninite<10X
lamalginite>50X, higher-plant liptini te<5 OX, vitrinite + inertinite<10X 
telalginite>50%, lamalginite<50X, bi tunini te<10X
53%<telalgini te<90X, higher-plant liptinite<50%, 10X<vitrinite ♦ inertinite<50X 
telalginite>50%, higher-plant liptinite<50%, vitrinite* inertinite<IOX
- oi l
For more details of the oil shale classification schc«e, sec Chapter 9
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Note: extreme outliers omitted





FIGURE 37 Ternary diagram of normalised atomic percentages of C, H and 0 for petrographicully
controlled cases, labelled according to deposit types
SMC8I DC SCR 1PII CMS OF CODES USED FOR 'OIL SHALL I U t  S' 
(KACLRAL CLMtSIT IQMS CM HlMCRAL-FttL USES)
IH 1HL DATA 1AHLLS AM) FlCUCtS
0 l ipt i n i  te-r ich Insu le  
c o a !  •
0  - coaly carmel •
0  • torbanitic c o o l -
¿1 - bl tosi tv -
A  • bitoawrosfto -
* lacosi tic shale ■
♦ coaly lacostic ■
« - Malhtrtd 1 scasile ■
a  - weathered torbanite-
0  • kukersite ■
0 • lacosile -
X  • tasaanlte ■
■  - c o a ly  t o r b o n i t c /  • 
lorbanilc •
0 - b i  t l/n c n
•  - o i  l
for w o re  d e t a i l s  o f  th e  c
ATOM ICO
inert ini tc<VCX 
incr tin i te<SGX 
inert in» tc<50X
Inert In i tc<VuX 
Iner t in i te<50X
lGX<h igber-p lant l ip n n t te<$0X, te l a lgm i teOOX, 50X<vi tr  in i tc 
50X<higher-pl ant lip tin ite<9Q X, te la lg m i tc<10X, 10X<vitrin ite  
10X<tcla lgin itc<50X, h ighcr-p lom  l ipt initc<50%, 10X<vitrini te 
b ituain ite>50X , la M lg in i  lc«50X, tc la lg m ite  <5CO.
50%«l «mat g in i t#<WX, 10X«bi tuninl tc«SOX, ta la lg in t te<!»OX 
10X<1 ataalgini te<50X, higher-plant l ipt Ini t«<}QX, )OX<vl tr Ini te 
}O X «la «* lg (n i te<VOX, higher-plant l Ipt m i te<50X, 10X<vi tr  ini te 
arc la c o a it «  below 
ace tor ban i te below
te l a lg in l tt>5QX. laa«lg in ite<50X , b ituain i te< 10X
l aiaa l g in i te»50X, higher-plant l ipt ini te<50X, v i t r im t e  ♦ iner t m i te<10X 
tc la lg in ite>5 0 X , laaalgin ite<50X, bi ti/iinl te<10X
50X<ttl al ginitc<V0X, higher-plant l ipt mi te<50%, 10X <vitrin itc  ♦ inert initc<^C 





















FIGURE 38 Ternary diagram of normalised atomic fractions of C, H and 0 for organic matter that 
comprises 90% or more of one maceral, divided according to macerals
1 + -  totalglnlta from kukaraita + " lamalglnlt« from lacoaites
2+ - Mtumon
3+,4+ -  bltumintta from bltoaites
+ -  talalginita from tasmanitaa + -  talalginita from torbanites
126
1 +.2+ - cannels 
3+ - Hoiocane
+ -  bltoaites
FIGURE 39 Ternary diagram of normalised atomic fractions of C, H and 0 for retort oils, divided 
according to deposit types of organic matter sources
♦ -  lacoaltaa 1 +,2+,3+,4 + torbanites 
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SHORT DESCRIPTIONS OF CODES USED FOR 'OIL SHALE TYPES' IN THE DATA TABLES A)C FIGURES 
(HACERAL COMPOSITIONS ON MINERAL-FREE BASES)
o  - liptinite-rich hunic 
coal -
o - coaly cannel
o - torbanitic coal
Zi - bi tosi tc
▲ - bi tomarosi te
6 - lacositic shale
♦ - coaly lacosite
; ' weathered lacosite
a - weathered torbaniteo - kukersi te
o - lacosite
x - tasmanite
■  * coaly torbanite/ 
torbanite •
f i ­ bi tunen
r n - oi l
10X<higher-plant liptinite<50%, telalginite<10%, 50%<vitrinite *  inertinite<90% 
50X<higher-plant liptinite<90%, telalginite<10%, 10X<vicrinite *  inertinite<50% 
10X<telalginite<50X, higher-plant liptinite<50%, 10X<vitrinite * inertinite<50X 
Li ic;.;.iiLé>jCX, lamalginite<50X, telalgini te <50%
50%<lamalginite<90%, 10%<bi tanini te<50%, tclalginite<50X
10X<lamalginite<50X, higher-plant liptinite<50X, 50X<vitrinite + inertinite<90X 
50X<lamalginite<90%, higher-plant liptinite<50X, 10X<vitrinite + inertinite<50% 
see lacosite below 
see torbanite below
telalginite>50X, lamalginite<50X, Lituninite<10%
lamalginite>50X, higher-plant liptinite<50%, vitrinite * inertinite<10% 
telalginite>50X( lamalginite<50X, bitaninite<10X
50%<telalginite<90X, higher-plant liptinite<50X( 10%<vitrinite + inertinite<5QX 
telalginite>50X, higher-plant liptinite<50X, vitrinite ♦ inertinite<10X
For more details of the oil shale classif¡cation scheme, sec Chapter 9
Note: for clarity, some points that represent 100% iiptinite are plotted at 
slightly greater than 100%
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FIGURE 41 Some bivariate plots of elemental variates versus petrographic variates
a. PETROGRAPHICALLY CONTROLLED LACOSITES ONLY
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FIGURE 41 b. ALL PETROGRAPHICALLY CONTROLLED CASES ('CHONSPET')
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Figure 41b continued
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Key: C% -  C atomic percentage- H:C -  atomic H/C 
RVMX -  mean maximum vitrinite reflectance 
PY -  Pyrite percentage by weight) SAT% -  S atomic percentage 
V/IMMF -  mineral-free volume percentage of vitrinite + inertinite 
TOTEX -  mineral-free volume percentage of liptlnite (exlnlte)
Note: numbers signify multiple observations
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FIGURE 42 Bivariate plots of atomic percentages of elements in retor t  oi 
of corresponding elements in the organic matter sources
s versus atomic percentages
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Figure 42 continued
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Key: AT - atomic
TOTEX -  mineral-free volume percentage of liptlnite (exinite)
FIGURE A3 Atomic H/C-O/C diagram fo r  r e t o r t  o i l s  and t h e i r  o rgan ic  m a t te r  sources ,  l a b e l l e d
according to oil shale ly|>e:. (d.ita from Crisp »M ai-_, 19U/)
ATOMIC O /C
AU/OWU/UUl)lC
Key: L -  organic matter from lacosite 
L -  oil from iacosite
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SHORT DESCRIPTIONS OF CODES USED FOR ’OIL SHALE TYPES' IN THE DATA TABLES AND FIGURES 
(HAŒRAL OPPOSITIONS ON MINERAL-FREE BASES)
0  - l i p t i n i t e - r i c h  hunic  
c o a l  -
o  - c o a l y  cannel -
□  - t o r b a n i t i c  c o a l  -
A  - b i t o s i t e  -
A  - b i t o m a r o s i t e  -
0 - l a c o s i  t i c  s h a le  -
♦  - c o a l y  l a c o s i t e  -
;  - w ea th e red  l a c o s i t e  -
a - w ea th e red  t o r b a n i t e -
o  - k u k e r s i t e  -
o  •
l a c o s i t e  -
X  - ta s m a n i t e  -
a - c o a l y  t o r b a n i t e /  - 
t o r b a n i t e  -
0 - bi tumen
•  - o i  l
10% <h igher-p lan t  l ip t im ' t e < 5 0 % ,  t e l a l g in i t e < 1 0 % ,  50%<vit r i n i t e  + in e r t in i t e < 9 0 %  
50% <h igher -p lan t  l i p t in i t e < 9 0 % ,  t e l a l g in i t e < 1 0 % ,  10 % < v i t r i n i t e  in e r t in i t e < 5 0 %  
1 0 % < te la lg in i t e< 5 0 % , h ig h e r - p la n t  l i p t in i t e < 5 0 % ,  10%<vit r i n i t e  + in e r t in i t e < 5 0 %  
b i tu n in i t e > 5 0 % ,  lam a lg in i t e<50 % , t e l a l g i n i t e  <50%
50%<lamalg in ite<90%, 10%<bituminite<50%, t e l a l g in i t e < 5 0 %
10%<lamalg in ite<50%, h i g h e r - p la n t  l i p t i n i t e < 5 0 % ,  50%<vit r i n i t e  + in e r t in i t e < 9 0 %  
50%<lamalg in ite<90%, h i g h e r - p la n t  l i p t i n i t e < 5 0 % ,  10%<vit r i n i t e  + in e r t in i t e < 5 0 %  
see  l a c o s i t e  be low  
see  t o r b a n i t e  be low
t e l a l g in i t e > 5 0 % ,  lam a lg in ite<50% , b i tu n in i t e< 1 0 %
lam a lg in i t e>50 % , h i g h e r - p la n t  l i p t i n i t e < 5 0 % ,  v i t r i n i t e *  in e r t in i t e < 1 0 %  
t e l a l g in i t e > 5 0 % ,  lam a lg in ite<50% , b i tu n in i t e< 1 0 %
5 0 % < te la lg in i t e< 9 0 % ,  h ig h e r - p la n t  l i p t i n i t e < 5 0 % ,  1 0 % < v i t r in i t e  + in e r t in i t e < 5 0 %  
t e l a l g in i t e > 5 0 % ,  h i g h e r - p la n t  l i p t i n i t e < 5 0 % ,  v i t r i n i t e  + in e r t in i t e < 1 0 %
For more details of the oil shale classification scheme, see Chapter 9
136
FIGURE 44 Bivariate plots of some pyrolysis variables
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Key: PI -  productivity index, S1/S1+S2 (mg of free hydrocarbons per mg of total hydrocarbons) 
HI -  hydrogen Index, S2/TOC (mg hydrocarbons per g of C)
Ol -  oxygen Index, S3/TOC (mg of C02 per g of C)
Deposit types: A -  cannel B -  bitosite C -  kukersite F -  torbanite
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FIGURE 45 Bivariate plots of some pyrolysis, elemental and petrographic variables
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Figure 45 continued
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Key: OM -  organic matter
BIT+EX -  volume % of bituminite + liptinite (exinite)
V/l -  volume % of vitrinite plus inertinite
THI -  total hydrogen index', S1+S2/TOC (mg hydrocarbons per g C) 
EX + BIT -  mineral-free volume % of bituminite + liptinite (exinite) 
V/IMMF -  mineral-free volume % of vitrinite + inertinite 
HY -  hydrogen index, S2/TOC, mg hydrocarbons per g C 
RVMX,RVMAX -  mean maximum vitrinite reflectance 
PI -  productivity index S1+S2/S2 
TOTEX -  mineral-free volume % of liptinite (exinite)
PY -  pyrite weight %
Ol -  oxygen index, S3/TOC, mg of C02 per g C
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TABLE 38 Results of Principal Components Analysis of Atomic 
Percentages of c, H, 0, M and S
MEAN STD DEV CASES LABEL
CAT 38.36734 3.60223 171 ATOMIC PERCENTAGE CARBON
HAT 55.52307 5.18514 171 ATOMIC PERCENTAGE HYDROGENOAT 4.74211 3.70227 171 ATOMIC PERCENTAGE OXYGEN
NAT .99649 1.307G8 171 ATOMIC PERCENTAGE NITROGEN
SAT .36667 .40453 171 ATOMIC PERCENTAGE SULPHUR
CORRELATION MATRIX:
CAT HAT OAT NAT SAT
CAT 1.00000
HAT -.50990 1.00000
OAT -.18164 -.72463 1.00000
NAT -.31925 -.40459 .52718 1.00000
























VARIABLE COMMUNALITY FACTOR EIGENVALUE PCT OF VAR CUM PCT
CAT .83314 1 2.17043 43.4 43.4





CAT HAT OAT NAT SAT
CAT .83314* -.07319 -.04803 .05186 -.27104
HAT -.43671 .95332* -.02508 .03838 .15810
OAT -.13361 -.69955 .83901* -.20959 -.04664
NAT -.37111 -.44297 .73677 .72632* .08074
SAT .58350 -.48708 .09895 -.10043 .45401*
THE LOWER LEFT TRIANGLE CONTAINS THE REPRODUCED CORRELATION MATRIX; THE 
DIAGONAL, COMMUNALITIES; AND THE UPPER RIGHT TRIANGLE, RESIDUALS BETWEEN 
THE OBSERVED CORRELATIONS AND THE REPRODUCED CORRELATIONS.
THERE ARE 6 (60.0%) RESIDUALS (ABOVE DIAGONAL) THAT ARE > 0.05
VARIMAX ROTATION 1 FOR EXTRACTION 1 IN ANALYSIS 1 - KAISER NORMALIZATION.
VARIMAX CONVERGED IN 3 ITERATIONS.
ROTATED FACTOR MATRIX:






Key: PCT -  percentage, CUM -  cumulative 
VAR -  variance
Note: loadings less than 0.2 omitted
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FIGURE 46a Plot of loadings for atomic percentages of C, H, 0, N and S on two varimax-rotated 
principal components
HORIZONTAL FACTOR 1 VERTICAL FACTOR 2
FACTOR SCORE COEFFICIENT MATRIX:






Note: each factor axis is 2 units long (1 positive and 1 negative)
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P L O T  OF E L E M P C 1 W I T H  E L E M P C 2  3 Y  D E P T Y P E
FIGURE 46b Plot of sampled cases, labelled according to deposit types, on varimax-rotated principal
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S T A N D A R D I Z E D  S E C O N D  E L E M E N T A L  PC
Key: A -  torbanite B -  bitumen C -  cannel H -  Holocene
L -  lacosite M -  bltosite O -  oil T -  tasmanite
Note: multiple occurrences are shown as a single symbol
+
6
K -  kukerslte
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TABLE 39 Results of Principal Components Analysis of Log-centred 
Transforms of Atomic Percentages of C, H, 0, N and S
MEAN STD DEV CASES LABEL
LCCAT .98147 .18075 169 LOG CONTRAST OF CAT
LCHAT 1.14107 .20880 169 LOG CONTRAST OF HAT
LCOAT -.09494 .34631 169 LOG CONTRAST OF OAT
LCNAT -.74962 .24874 169 LOG CONTRAST OF NAT
LCSAT -1.27798 .40964 169 LOG CONTRAST OF SAT
CORRELATION MATRIX:
LCCAT LCHAT LCOAT LCNAT LCSAT
LCCAT 1 . 0 0 0 0 0
LCHAT .94344 1 . 0 0 0 0 0
LCOAT -.49586 -.50879 1 . 0 0 0 0 0
LCNAT -.16997 -.15937 .03495 1 .00000
LCSAT -.39973 -.39910 -.38848 -.48052 1.00000
INITIAL STATISTICS:
VARIABLE COMMUNALITY FACTOR EIGENVALUE PCT OF VAR CUM PCT
LCCAT 1 . 0 0 0 0 0 1 2.41484 48.3 48.3
LCHAT 1 . 0 0 0 0 0 2 1.63219 32.6 80.9
LCOAT 1 . 0 0 0 0 0 3 .89652 17.9 98.9
LCNAT 1 . 0 0 0 0 0 4 .05645 1 . 1 1 0 0 . 0




FACTOR 1 FACTOR 2 FACTOR 3
LCHAT .98014
LCCAT .97749




VARIABLE COMMUNALITY FACTOR EIGENVALUE PCT OF VAR CUM PCT
LCCAT .97114 1 2.41484 48.3 48.3
LCHAT .97246 2 1.63219 32.6 80.9




LCCAT LCHAT LCOAT LCNAT LCSAT
LCCAT .97114* -.02819 .00029 .00087 .00086
LCHAT .97163 .97246* -.00028 -.00085 -.00084
LCOAT -.49615 -.50850 1 .00000* . 0 0 0 0 1 . 0 0 0 0 1
LCNAT -.17083 -.15852 .03494 .99997* .00003
LCSAT -.40059 -.39826 -.38849 -.48055 .99997*
THE LOWER LEFT TRIANGLE CONTAINS THE REPRODUCED CORRELATION MATRIX; THE 
DIAGONAL, COMMUNALITIES; AND THE UPPER RIGHT TRIANGLE, RESIDUALS BETWEEN 
THE OBSERVED CORRELATIONS AND THE REPRODUCED CORRELATIONS.
THERE ARE 0 ( 0.0%) RESIDUALS (ABOVE DIAGONAL) THAT ARE > 0.05
Key: PCT -  percentage, CUM -  cumulative ; VAR -  variance 
Note: loadings less than 0.2 omitted
153
IGURE 47a Plots of loadings for log-centred transforms of atomic percentages of C, n, 0, N and S on
three principal components

















FACTOR SCORE COEFFICIENT MATRIX:
FACTOR 1 FACTOR 2
LCCAT .40478 .0237e
l c h a t .40538 ! 02878
l c o a t 2499a .32506
L C N A T -.05212 .43206
LCSAT 14252 -.56451







long (1 positive and 1 negative)
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FIGURE 47b Plots of sampled cases, labelled according to deposit types, on principal components of
log-centred transforms of atomic percentage, elemental data
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S T A N D A R D I Z E D  S E C O N D  E L E M E N T A L  PC
Key: A -  torbanlte B -  bitumen C -  cannel H -  Holocene K -  kukersite 
L -  lacosite M -  bltosite O -  oil T -  tasmanite 
Note: multiple occurrences are shown as a single symbol
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FiGURE 47c Plots of sanpled cases, labelled according to deposit types, on principal components of
log-centred transforms of atomic percentage, elemental data
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matter sources, on principal  components of atomic percentage, elemental data
IGURE 48 Plot of sampled cases of retort oils, labelled according to deposit types of organic
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STANDARDIZED SECOND ELEMENTAL PC
Key: A -  torbanite B -  bitumen C -  cannel H -  Holocene K -  kukerslte 
L -  lacosite M -  bltoslte O -  oil T -  tasmanlte 
Note: multiple occurrences are shown as a single symbol
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matter sources, on principal components of log-centred transforms of atomic percentage, 
elemental data
P L O T  O F E L F M F C  1 LITH E L E M P C 2  3Y D E P T Y P E
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S T A N D A R D I Z E D  SE CO ND E L E M E N T A L  P C
Key: A -  torbanite B -  bitumen C -  cannel H -  Holocene
K -  kukerslte L -  iacosite M -  bltosite O -  oil T -  tasmanlte 
Note: multiple occurrences are shown as a single symbol
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TABLE 40 Results of Principal Components Analysis of Elemental Atomic 
Percentage Variables and Petrographic Variables
MEAN STD DEV CASES
CAT 33.84242 2.97472 66
HAT 55.08333 4.23082 66
OAT 4.88955 2.25267 66
NAT . .79258 .33810 66
SAT .39061 .42681 66
RVHAX .33117 .09524 60







MEAN MAXIMUM VITRINITE REFLECTANCE





OAT .12109 -.66738 1.00000
NAT .45288 -.56008 .28283
SAT .07216 -.29824 .24955
RVMAX .48496 -.44524 .12105
EXBIT -.57169 .72015 -.51860








































Key: PCT -  percentage, CUM -  cumulative, VAR -  variance
Note: loadings less than 0.2 omitted
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TABLE 41 Results of Principal Components Analysis of Pyrolysis 
Variables
MEAN STD DEV CASES LA3EL
TMAX 434.47222 12.67503 36 TEMP OF MAX HC GENERATION
SI 9.24429 23.79661 35 FREE HC
S2 . 156.96029 175.20748 35 OM GENERATED HC
S3 18.12257 40.93326 35 OH GENERATED C02
TOC 22.35687 17.35401 48 TOTAL ORGANIC CARBON
CORRELATION MATRIX:
TMAX SI S2 S3 TOC
TMAX 1.00000
SI -.73412 1.00000
S2 .15435 .32552 1.00000
S3 -.61514 .33055 .40956 1.00000
TOC -.00562 .35116 .90211 .46743 1.00000
FINAL STATISTICS:
VARIABLE COMMUNALITY FACTOR EIGENVALUE PCT OF VAR CUM PCT
TMAX .88092 1 2.89524 57.9 57.9











Key: PCT -  percentage, CUM -  cumulative, VAR -  variance
Note: loadings less than 0.2 omitted
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pyrolysis data
FIGURE 50 Plots of sampled cases, labelled according deposit types, on principal components from
PLOT OF ELEMPC1 WITH ELEMPC2 3Y DEPTYPE













































STANDARDIZED SECOND ELEMENTAL PC
Key: A -  torbanite B -  bitumen C -  cannel H -  Holocene K -  kukerslte 
L -  lacosite M -  bltosite O -  oil T -  tasmanite 









FIGURE 51 Atomic H/C-O/C diagram for sanpled cases, labelled according to cluster nurter from a 
three-group solution
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FIGURE 52 Atomic H/C-O/C diagram for sanpled cases, laDetled according to cluster nunoer from an
eight-groic solution
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FIGURE 53 Dendrogram for cluster analysis employing atomic H/C and 0/C for petrograpdically 
control led cases
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FIGURE 54 Atomic H/C-O/C diagram for petrograpnical ly controlled cases labelled according to
cluster nunber from a nine-group solution
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FIGURE 55 Dendrogram for cluster analysis employing atomic C, H, 0, N and S for petrographically 
control led cases
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TABLE 42 Generalised Elemental Abidances for Ten Growings of Oil Shale Organic Natter
Distinguished by Cluster Analysis Based on Atomic Percentages of C, H, 0, M, and S 
for Petrographically Controlled Cases
Cluster Cluster l^el (raMxr of items) Generalised elemental abundances
raster C H 0 N S
( a t o m i  c p e r e e n t a g e s)
1 lacosite (1) low high high
2 lacosites (27)
3 lacosites (6) low high
4 bitosites-coaly lacosites (4) low high very
high
5 torbanites-tasmanites-oi Is (10) high low low
6 kukersite-weathered lacosite (2) high low
7 coaly lacosites-lacositic shales (5) high low high high
8 bitomarosites-bitosites (6) high low high
9 coaly camels (2) high v. low high low
10 liptinite-rich hunic coal (1) high v. low high very
high
NOTE - blanks indicate moderate values for the data set of the present study-
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FIGURE 56 Dendrogram for cluster analysis employing atomic C, H, 0( N and S for retort oils
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FIGURE 57 Dendrogram for cluster  analysis enploying hydrogen index and oxygen index
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FIGURE 58 HI-OI diagram for sampled cases, labelled according to cluster member from a three-group
solution
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FIGURE 59 h I -01 diagram for sampled cases according to cluster member from a five-group solution
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FIGURE 60 Dendrogram for c luster  analysis employing pyrol ysis  var iates (S^,  S , and TOC)
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TABLE 43 Results of Discriminant Function Analysis of Atomic 
Percentages of c, H, 0, N and S, According to Deposit Types
NUMBER OF IGASES BY GROUP
NUMBER OF CASES
DEPTYPE UNWEIGHTED WEIGHTED LABEL
1 5 5.0 CANNEL
2 . 15 15.0 BITOSITE
3 2 2.0 KUKERSITE
4 74 74 .0 LACOSITE
5 4 4 .0 TASMANITE
6 a B.O TORBANITE
TOTAL 108 108.0
GROUP MEANS
DEPTYPE CAT HAT OAT NAT SAT
1 43.40000 46.78000 9 .44000 .64000 .68000
2 43.06000 50.66667 4 .26000 1.18000 .83400
3 38 .80000 54.25000 6.35000 .15000 .40000
4 37.90000 55.56892 5.29459 .86622 .37676
5 38.27500 58.15000 2.45000 .60000 .47750
6 40.58750 56.85000 1 .83750 .47500 .25000
TOTAL 39.10093 54.64722 4 .95463 .84722 .44907





o-f Wol 1 ongong
SPERRY 1100 
1100/72X1 E2 EXEC 39R3D
GROUP STANDARD DEVIATIONS
DEPTYPE CAT HAT OAT NAT SAT
1 1.07005 2.24544 2.12085 .40373 .49699
2 2.41270 1 .74588 1.11663 .14736 .45488
3 1 .27279 1 .34350 .07071 .07071 .00000
4 2.31061 3.44105 1 .85877 .31243 .35916
5 .22174 1 .61142 1.19304 .25820 .32561
6 2.41450 2.78619 1 .01550 .11650 .11952
TOTAL 3.01589 3.97347 2.12332 .34328 .39767
POOLED WITHIN-GROUPS CORRELATION MATRIX
CAT HAT OAT NAT SAT
CAT 1.00000
HAT -.80288 1 .00000
OAT .06515 -.62841 1 .00000
NAT .60312 -.61757 .14337 1 .00000
SAT -.08946 -.14162 .14430 .09765 1.00000
CORRELATIONS WHICH CANNOT BE COMPUTED ARE 1PRINTED AS 99.0.
WILKS' LAMBDA 










CAT .53265 17.90 .0000
HAT .58670 14.37 .0000
OAT .62014 12.50 .0000
NAT .66472 10.29 .0000










1 HAT .586701 .00002 NAT 2 .331590 .oooo3 CAT 3 .179721 .00004 OAT 4 . 142879 .0000
CANONICAL DISCRIMINANT F U N C T I O N S
PERCENT OF CUMULATIVE CANONICALFUNCTION EIGENVALUE VARIANCE PERCENT CORRELATION
1 * 1.71918 58.99 58.99 .79513612» .62201 21 .34 80.33 .61925823* .54824 18.81 99.14 .59506584* .02495 .86 100.00 . 1560304• MARKS THE 4 CANONICAL DISCRIMINANT FUNCTION(S) TO
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTSFUNC 1 FUNC 2 FUNC 3 FUNC 4
CAT I.54935 1 . 12249 1 .96711 5.46169HAT 3.82329 1 .36232 2.78925 7.05241OAT 2.24764 1 .66305 1.11154 3.96234NAT 1.19669 -.50260 -.44733 .85197
STRUCTURE MATRIX :
POOLED WITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIM:
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATI
FUNC 1 FUNC 2 FUNC 3 FUNC 4
CAT - .65214* -.16608 - .46972 .57140
OAT .11754 .80803* - .57724 .00849
NAT .09221 -.42850 -.82413* .35873
HAT .42786 -.27360 .78765* -.34883
SAT - .23889 -.10246 - .45429 - .83246*
CLASSIFICATION RESULTS -
NO. CF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP' CASES 1 2 3 4 5
GROUP 1 5 5 0 0 0 0 0
CANNEL 100.OX • OX .OX .ox .ox • OX
GROUP 2 15 0 13 0 0 0 2
BITOSITE • OX 86.7X .ox • OX • OX 1 3.3X
GROUP 3 -5 0 0 2 0 0 0
KUKERSITE .OX .OX 100.ox ■ OX .ox .OX
GROUP 4 74 1 5 0 59 9 0
LACOSITE 1 . 4X 6.8X .ox 79.7X 12 .22 • OX
GROUP 5 4 0 0 0 0 3 1
TASMANITE .OX .OX .ox • OX 75 .OX 25 .OX
GROUP 6 8 0 0 0 0 1 7
TORBANITE .ox • OX • OX • OX 12.5X 87 ,5X
PERCENT OF -GROUPED" CASES CORRECTLY CLASSIFIED: 82.41X
Key: VARS -  variables At -  atomic %
Note: the most notable loadings have asterisks
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Plot of first two discriminant functions derived from atomic percentages of C, H, 0, N and
S, mapped according to deposit types









TERRITORIAL MAP ASSUMING ALL FUNCTIONS BUT THE FIRST TWO ARE ZERO * INDICATES A GROUP CENTROID
CANONICAL DISCRIMINANT FUNCTION 1
-8 -6 -4 -2 0 2 4 6 8+ . , . ..... + ......












N 4 ♦ + 13 + 3344 + -f











M 0 + + 11111222222 + 2544 + * +
I 11111122222 25544
N 11111222222 * 255544A . 11111122222 * 22*5544
N .111 11622222 25 5544T .1666222 25 55444
-2 +62222 + + 25 +55544 + +F .22 255 5544
U 225 5544N 25 5544
c 25 5544T 255 5544I -4 + > + 225+ 55444 + + ♦0 25 55544N 25 5544
25 55442 255 5544





• 25 5544-8 ♦ 255 5544 ♦+ . . . .





FIGURE 61b Plot  of samoled cases, labelled according to deposit types, on the f i r s t  two discr iminant 
functions derived from elemental atomic percentage data
A L L - G R O U P S  S C A T T E R P L O T  -  ♦ I N D I C A T E S  A  G R O U P  C E N T R O I D  
C A N O N I C A L  D I S C R I M I N A N T  F U N C T I O N  1
OUT - 3 - 4  -2 0 2 4 6 OUT




4 44 4 4  4
4 4 4 4 4
6 4 4 4 4 4 4 4  4
64 4 4 * 4 4  4
2 2 4 4 4 4  4
* 2 2 2 5 4 4 4
[66 * 2  * 4 4 4 4








Note: multiple occurrences are shown as a single symbol
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TABLE 44 Results of Discriminant Function Analysis of Atomic
Percentages of C, H, 0, N and S, According to Deposit Types, 
Employing Petrographically Controlled Cases as a Training 
Set





I 4 4.0 CANNEL
2 7 7.0 BITOSITE
3 1 1 .0 KUKERSITE4 4 1 41 .0 LACOSITE
5 2 2.0 TASMAN ITE
6 6 6.0 TORBANITE
TOTAL 61 61 .0
3R0UP MEANS
DEPTYPE CAT HAT OAT NAT SAT
1 43.20000 45.92500 9.37500 .67500 .77500
43.52857 50.72857 3 .98571 1.18571 .60000
3 37.90000 55.20000 6.40000 .10000 .400004 37.68537 55.77073 5.35610 .86829 .32610
5 38.35000 57.80000 2.90000 .60000 .255006 40.88333 56.26667 2.15000 .48333 .21667TOTAL 39.05738 54 .65246 5.08361 .83279 .37508
3R0UP STANDARD DEVIATIONS
DEPTYPE CAT HAT OAT NAT SAT
1 1.12250 1 .35984 .41130 .45735 .51881
2 2.20357 1.94226 .65429 .16762 .37859
3 INSUFFICIENT DATA FOR STANDARD DEVIATIONS
4 1.97441 3.16569 1.72613 .24641 .33207
5 .21213 .28284 .28284 .14142 .346486 2.77086 2.94256 .91159 .13292 .07528TOTAL 2.98716 4.02470 2.13909 .30915 .35353
CANONICAL DISCRIMINANT FUNCTIONS
PERCENT OF CUMULATIVE CANONICAL-UNCTION 1EIGENVALUE VARIANCE PERCENT CORRELATION
1 * 3.59757 65.80 65.80 .8845868
2* 1.26296 23.10 88.90 .74706093* .60696 11.10 100.00 .6145786* MARKS THE 3 CANONICAL DISCRIMINANT FUNCTION(S) TO BE USED IN THE REMAINING ANALYSI!
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS 
FUNC 1 FUNC 2 FUNC 3
HAT 2.07313 .04876 -.37082OAT 1.15565 1.03758 -.02759NAT 1.35997 -.37053 .71734
STRUCTURE MATRIX :
POOLED WITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLESVARIABLES ARE ORDERED BT THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION.
FUNC 1 FUNC 2 FUNC 3
OAT .04738 .92127* .38603
NAT .17737 -.17179 .96904*HAT .33959 -.40086 -.85087*CAT -.54454* - . 10299 .81561*SAT .01793 .04557 .06530
Note: the most notable loadings have asterisks
Key: At -  atomic %
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Table 44 continued
CLASSIFICATION R E S U L T S  F O R  C A S E S  S E L E C T E D  F O R  U S E  I N  T H E  A N A L Y S I S  -
N O .  C F  P R E D I C T E D  G R O U P  M E M B E R S H I P
ACTUAL GROUP C A S E S i O 3 4 5 6
GROUP 1 4 4 0 0 0 o (")
CANNEL 1 0 0 . 0 % .0% .0% .0% .0% .0%
GROUP n 7 0 7 0 0 0 0
BITOSITE .0% 1 0 0  . 0 % . 0 % .0% .0% .0%
GROUP 3 i 0 0 1 0 0 0
KUKERSITE .0% . 0 %  1 0 0 . 0 % .0% .0% .0%
GROUP 4 41 0 0 0 39 n 0
LACOSITE .0% .0% . 0 % 9 5 . 1 % 4 .9 % .0%
GROUP 5 2 0 0 0 0 2 0
TASMANITE .0% .0% . 0 % .0% NOoo . 0 %
GROUP 6 6 0 0 0 0 1 o
TORBANITE .0% .0% . 0 % .0% la. 7% 83.3%
PERCENT OF "GROUPED" CASES C O R R E C T L Y  C L A S S I F I E D :  9 5 . 0 8 %
15 JUN 88 SPSS-X RELEASE O 0A-UW1.0 FOR S P E R R Y  1 1 0 0
16:07:34 The University or Wol1ongong 1 1 0 0 / 7 2 X 1  E 2 EXEC 39R3D
CLASSIFICATION RESULTS FOR CASES NOT SELECTED FOR USE IN THE ANALYSIS -
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 1 3 4 5 6
GROUP 1 1 0 0 0 0 0 1
CANNEL .0% .0% .,0% .0% .0%
ooo
GROUP O 3 0 7 0 0 0 1
BITOSITE .0% 87.5% .0% .0% .0% 12.57.
GROUP 3 1 0 u 1 0 0 0
KUKERSITE .0% b O O .0% .0% .0% .07.
GROUP 4 33 i 3 1 20 8 0
LACOSITE 3.0% 9.1% 3.,0% 60.6% 34.2% .07.
GROUP 5 . 0 0 0 0 1 1
TASMANITE .0% . 0% .,0% .0% 50.0% 50.07.
GROUP 6 2 0 0 0 0 0 2
TORBANITE .0% .0% .0% .0% .0% 100.0%
PERCENT OF "GROUPED" CASES CORRECTLY CLASSIFIED: 65.96*
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F I G U R E  62 Plot of first two discriminant functions derived from atomic percentages of C, H, 0, N and
S for petrographically controlled cases, mapped according to deposit types
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TABLE 45 Results of Discriminant Function Analysis of Atomic
Percentages of C, H, O, N and s, According to Deposit Types 
for Major Groups Only
NUMBER OF CASES BY GROUP
NUMBER OF CASES










PERCENT OF CUMULATIVE CANONICAL
FUNCTION EIGENVALUE VARIANCE PERCENT CORRELATION
1* 1.42912 74.10 74.10 .7670260
2* .49953 25.90 100.00 .5771703* MARKS THE 7 CANONICAL DISCRIMINANT FUNCTION(S) TO BE USED IN THE REMAINING ANALYSIS.
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS 




SAT .47389 .431 13
STRUCTURE MATRIX :POOLED WITHIN-GROUPS CORRELATION'
VARIABLES ARE ORDERED BY THE FUNCFUNC 1 FUNC 2
CAT .65448* .40941
NAT .06274 .83701*
HAT -.28982 - .67067*SAT .23644 .55654*
OAT -.40880 .43621*
CLASSIFICATION RESULTS -
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 2 4 6
GROUP 2 15 13 0 2
BITOSITE 86.72 .02 13.32
GROUP 4 74 6 66 2
LACOSITE 8.12 89.22 2 .72
GROUP 6 8 0 0 8TORBANITE .02 .02 100..02
PERCENT OF "GROUPED" CASES CORRECTLY CLASSIFIED: 89.692
Note: the most notable loadings have asterisks 



















FIGURE 63 P lo t  o f  f i r s t  two d is c r im in a n t  fu n c t io n s  d e r iv e d  from  a to m ic  p e rc e n ta g e s  o f C, H, 0 , N and
S o f m a jo r groups o n ly ,  mapped a c c o rd in g  to  d e p o s it ty p e s
S Y M B O L S  U S E D  I N  T E R R I T O R I A L  MAP 
SYM BO L G R O U P  L A B E L
; 5 J U N  a s  
1 6 : 2 2 : 0 4
2 B I T O S I T E  
4 L A C O S I T E  
6 T O R B A N I T E
G R O U P  C E N T R O I D S
S P S S - X  R E L E A S E  2 . 0 A - U W 1 . 0  F O R  S P E R R Y  1 10 0  
T h e  U n i v e r s i t y  of  W o l l o n g o n g  1 1 0 0 / 7 2 X 1  E 2 E X E C  3 9 R 3 D
' E R R I T O R I A L  M A P  A S S U M I N G  A L L  F U N C T I O N S  B U T  T H E  F I R S T  TWO A R E  Z E R O
C A N O N I C A L  D I S C R I M I N A N T  F U N C T I O N  1
I N D I C A T E S  A  G R O U P  C E N T R O I D
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TABLE 46 Results of Discriminant Function Analysis of Atomic
Percentages of c ,  H, 0 ,  N and s ,  According to Deposit Types, 
for Major Groups Only and Employing Petrographically 
Controlled Cases as a Training Set
DUMBER OF CASES BY GROUP
NUMBER OF CASES









CANONICAL DI SCR in INANT FUNCTIONS
PERCENT OF











MARKS THE 2 CANONICAL DISCRIMINANT FUNCTION<S> TO BE USED IN THE REMAINING ANALYSIS.
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS






POOLED WITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION.






CLASSIFICATION RESULTS FOR CASES SELECTED FOR USE IN THE ANALYSIS -
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 2 4 6
GROUP 2 7 7 0 0
BITOSITE N<>OO .02 .02
GROUP 4 41 0 41 0
LACOSITE .ox 100.02 .02
GROUP 6 6 0 0 6
TORBANITE .ox .OX 1 00.02
PERCENT OF’ “GROUPED" CASES CORRECTLY CLASSIFIED: 100 .002
CLASSIFICATION RESULTS FOR CASES NOT SELECTED FOR USE IN THE ANALYSIS
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 2 4 6
— ------- — — — —
GROUP 2 8 7 0 1
BITOSITE 87.52 .OX 12.52
GROUP 4 33 4 27 2
LACOSITE 12.12 81 .82 6.12
GROUP 6 0 0 —>
TORBANITE .OX .02 100.02
PERCENT OF -GROUPED“ CASES CORRECTLY CLASSIFIED: 83. 722
Note: the most notable loadings have asterisks 
K*y: At -  atomic %
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FIGURE 64 P lo t  o f f i r s t  two d is c r im in a n t fu n c t io n s  d e r iv e d  from  a to m ic  p e rce n ta g e s  o f C, H, 0 , N and
S fo r  p e t ro g ra p m c a l ly  c o n t r o l le d  cases o f m a jor groups o n ly ,  mapped a c c o rd in g  to  d e p o s it
types
S Y M B O L S U S E D  I N T E R R I T O R I A L  MAP
S Y M B O L GROUP L A B E L
2 B I T O S I T E
4 4 L A C O S I T E
6 6 T O R B A N I T E
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TABLE 47 Results of Discriminant Function Analysis of Log-centred
Transforms of Atomic Percentages of c, H, 0, :j and S, 
According to Deposit Types
NUMBER OF CASES BY GROUP
NUMBER OF CASES
DEPTYPE UNWEIGHTED WEIGHTED LABEL
1 5 5.0 CANNEL
2 :4 14.0 BITOSITE
3 2 2.0 KUKERSITE4 ~7 77.0 LACOSITE
5 4 . 4.0 TASMANITE
6 3 B.O TORBANITE
TOTAL 1 10 110.0
GROUP MEANS
DEPTYPE LCCAT LCHAT LCOAT LCNAT LCSAT
1 .39779 .93007 .17215 -1 .01250 -.98751
-> .34436 .92078 -.15024 -.71474 -.900163 1 .01304 1.15866 .22708 -1 .42516 -.973624 .9212B 1 .08294 .04903 - .74127 -1.31198
5 1 .03090 1 .21241 -.23043 -.80816 -1.204726 1.09624 1 .24273 -.33837 -.84624 -1.15435
TOTAL .92890 1 .07306 -.00583 -.77272 -1 .22330
15 JUN 88 SPSS-X RELEASE 2.0A-UW1.0 FOR SPERRY 1100
15:11 :47 The University of Wollongong 1100/72X1 E2 EXEC 39R3D
GROUP STANDARD DEVIATIONS
DEPTYPE LCCAT LCHAT LCOAT LCNAT LCSAT
1 .08953 .11183 .11764 .25407 .225772 .08074 .07102 .06520 .07636 .21253
3 .02805 .05306 .04714 .17056 .04230
4 .12315 .14441 .17908 .16546 .45140
5 .17126 .17521 .33392 .23540 .76395
6 .08784 .10861 .26720 .11723 . 15247
TOTAL .12855 .15548 .21970 .19196 .43581
:’OOLED WITHIN-GROUPS CORRELATION MATRIX
LCCAT LCHAT LCOAT LCNAT LCSAT
LCCAT 1.00000
LCHAT .91921 1 .00000
LCOAT .26970 .15879 1 .00000
LCNAT .48264 .27804 .11524 1.ÙOOOO
LCSAT -.87641 -.75311 -.60192 -.65919 1 .00000CORRELATIONS WHICH CANNOT BE COMPUTED ARE PRINTED AS 99.0.
WILKS' LAMBDA (U-STATISTIC) AND UNIVARIATE F-RATIO 
WITH 5 AND 104 DEGREES OF FREEDOM














STEP ENTERED REMOVED IN LAMBDA
1 LCOAT 1 .643247
2 LCCAT 2 .469642
3 LCSAT 3 .205767












1* 1 .91352 60.80 60.80
2* .70300 22.34 83.14
3* .51563 16.38 99.52
4* .01509 .48 100.00





FUNCTION(S) TO BE USED IN THE REMAINING ANALYSIS.
standardized canonical discriminant func tio n coefficients 




















POOLED^ITH^N-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION.
FUNC 1 FUNC 2 FUNC 3 FUNC 4
LCOAT -.22981 .79164* .12767 -.55154

















NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 1 2 3 4 5 Û
______________________________------- — — — — — -----  -
GROUP 1 5 3 i 1 0 0 0
CANNEL 60 .Oil 20. OX 20. OX .ox .ox .OX
GROUP 2 14 0 14 0 0 0 0
BITOSITE .OX 100.OX .OX • OX ■ OX • OX
GROUP 3 2 0 0 2 0 0 0
KUKERSITE -OX • OX 100.ox .ox • OX • OX
GROUP 4 77 1 9 0 62 5 0
LACOSITE 1 . 3X 11 .7X ■ OX 80.5X 6.5X • OX
GROUP 5 4 0 0 0 2 1 1
TASMANITE .OX ■ OX .ox 50. OX 25.OX 25. OX
GROUP 6 8 O 0 0 0 -> 6
T0R8ANITE .OX .OX .ox .OX 25. OX 75. OX
PERCENT OF "GROUPED" CASES CORRECTLY CLASSIFIED: 80,.oox
Key: VARS -  variables At -  atomic LC -  log contrast (centred) 




FIGURE 65a P lo t  o f  f i r s t  two d is c r im in a n t  fu n c t io n s  d e r iv e d  fro m  lo g -c e n tre d  t ra n s fo rm s  o f a to m ic
p e rc e n ta g e s  o f  C, H, 0 , N and S, mapped a c c o rd in g  to  d e p o s it  ty p e s
S Y M B O L S  U S E D  I N  T E R R I T O R I A L  MAP 
SYM BO L G R OU P L A B E L
1 I C A N N E L
2 2 B I T O S I T E
3 3 K U K E R S I T E
4 4 L A C O S I T E
5 5 T A S M A N  I T E
6 6 T O R B A N I T E
* G R O U P  C E N T R O I D S
T E R R I T O R I A L M A P  A S S U M I N G  A L L F U N C T I O N S  B U T  T H E  F I R S T  TWO A R E  ZE RO 
C A N O N I C A L  D I S C R I M I N A N T  F U N C T I O N  1
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FIGURE 65b Plot of sailed cases, labelled according to deposit type, on the first two discriminant 
functions derived from log-centred transforms of elemental atomic percentage data
ALL-GROUPS SCATTERPLOT - ♦ INDICATES A GROUP CENTROID 
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Note multiple occurrences are shown as a single symbol
1 8 7
TABLE 48 Results of Discriminant Function Analysis of Log-centred
Transforms of Atomic Percentages of c, H, 0, N and s, 
According to Deposit Types, Employing Petrographicaily 
Controlled Cases as a Training Set
NUMBER OF CASES BY GROUP
NUMBER OF CASES
DEPTYPE UNWEIGHTED WEIGHTED LABEL
1 4 4.0 CANNEL
2 7 7.0 BITOSITE
3 1 1.0 KUKERSITE
4 42 42.0 LACOSITE
5 2 2.0 TASMANITE
6 6 6.0 TORBANITE
TOTAL 62 62.0
GROUP MEANS
DEPTYPE LCCAT LCHAT LCOAT LCNAT LCSAT
1 .87060 .89713 .20688 -1.03065 -.94395
2 .09676 .96343 -.14579 -.67152 -1 .04287
3 1 .03280 1.19618 .26042 -1 .54576 - .94370
4 .93706 1.10764 .06956 -.71471 -1.39956
5 1.09005 1.27621 -.02435 -.71368 -1 .63623
6 1.08497 1 .22395 -.23711 - .85558 -1 .21623
TOTAL .94928 1 .09590 .02448 -.75722 -1 .31243
GROUP STANDARD DEVIATIONS
DEPTYPE LCCAT LCHAT LCOAT LCNAT LCSAT
1 .07587 .09716 .10204 .28960 .23519
2 .08031 .06990 .04974 .08325 .22230
3 INSUFFICIENT DATA FOR STANDARD DEVIATIONS
4 .14284 .15317 .16446 .14785 .51833
5 .21347 .20894 .25349 .31439 .99029
6 .07061 .09127 .17146 .12985 .10760
TOTAL .13879 .16017 .19243 .20174 .48398
CANONICAL DISCRIMINANT FUNCTIONS
FERCENT OF CUMULATIVE CANONICAL
FUNCTION EIGENVALUE VARIANCE PERCENT CORRELATION
1* 4.97879 70.48 70.48 .9125470
2* 1.21749 17.23 87.71 .7409719
3* .85361 12.08 99.80 .6786096
4* .01426 .20 100.00 .1185811
* MARKS THE 4 CANONICAL DISCRIMINANT FUNCTION(S) TO BE USED IN THE REMAINING ANÉ
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS 





















STRUCTURE MATRIX*POOLED WITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION.


























Key: At -  atomic . LC -  log contrast (centred)
Note: the most notable loadings have asterisks
Table 48 continued
is jun aa SPSS-X RELEASE 2.0A-UW1.0 FOR SPERRY 1100
15:57:15 The University of Wol1ongong 1100/72X1 E2 EXEC 39R3D
CLASSIFICATION RESULTS FOR CASES SELECTED FOR USE IN THE ANALYSIS
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 1 n 3 4 5 6
GROUP 1 4 i 1 0 0 o
CANNEL 50. OX 25. OX 25. OX • OX .ox .ox
GROUP O 7 0 7 0 0 0 0
BITOSITE .OX 100.OX .OX .OX .ox • OX
GROUP 3 1 0 0 1 0 0 0
KUKERSITE .ox .ox 100.OX • OX .ox .ox
GROUP 4 42 0 1 0 39 2 0
LACOSITE .ox 2.4X .OX 92.9X 4 . 8X .ox
GROUP 5 2 0 0 0 0 2 0
TASMANITE .ox • OX .OX .OX MOoo .ox
GROUP 6 6 0 0 0 0 0 6
TORBANITE .ox .OX .OX .OX .ox 100.ox
PERCENT OF' "GROUPED" CASES CORRECTLY CLASSIFIED: 91. 94X
15 JUN 88 SPSS-X RELEASE 2.0A-UW1.0 FOR SPERRY 1100
15:57:16 The University o-f Wol1ongong 1100/72X1 E2 EXEC 39R3D
CLASSIFICATION RESULTS FOR CASES NOT SELECTED FOR USE IN THE ANALYSIS -
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 1 '2 3 4 5 <b
GROUP 1 1 1 0 0 0 0 0
CANNEL 100.OX .ox .OX .OX .ox . c J 7m
GROUP 2 7 0 7 0 0 0 0
BITOSITE .OX 100.ox -OX .ox .ox .ox
GROUP 3 1 0 0 1 0 0 0KUKERSITE .OX .ox 100.OX .ox .ox .ox
GROUP 4 35 0 7 0 20 7 1LACOSITE ■ OX 20. OX .ox cn 20. OX 2.9XGROUP 5 2 0 0 0 1 0 1TASMANITE .OX ■ OX .ox ooIn -OX U1 o bGROUP 6 2 0 0 0 0 0 oTORBANITE -OX . OX .ox .ox .ox 100.ox


















Plot of f i r s t  two discrim inant functions derived from log-centred transforms of atomic
percentages of C, H, 0, N and S for petrographically controlled cases, mapped according to 
deposit types
S Y M B O L S  U S E D  I N  I hh 'K 1 I UK  1 H L  HHK
S Y M B O L  G R O U P L A B E L
1 1 C A N N E L
2 2 B I T O S I T E
3 3 K U K E R S I T E
4 4 L A C O S I T E
5 5 T A S M A N  I T E
6 6 T O R B A N I T E
» G R O U P  C E N T R O I D S
1 5  J U N  8 8  S P S S - X  R E L E A S E 2 . 0 A - - U W l . 0  F O R  S P E R R Y 1 1 0 0
1 5 : 5 7 : 1 4  T h e  U n i v e r s i t y of  W o l l o n g o n g  1 1 0 0 / 7 2 X 1  E 2  E X E C  3 9R3 D
T E R R I T O R I A L M A P  A S S U M I N G A L L F U N C T I O N S  B U T  T H E F I R S T  TWO A R E  Z E R O * I N D I C A T E S  A G R O U P  C E N T R O I D
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TABLE 49 Results of Discriminant Function Analysis of Log-centred
Transforms of Atomic Percentages of C, H, O, N and S, 
According to Deposit Types, for Major Groups Only
-¿UMBER OF CASES BY GROUP
NUMBER OF CASES
DEPT YPE UNWEIGHTEO WEIGHTED LABEL
2 1 4 14. 0 B I T O S I T E
4 77 7 7 .0 L A C O S IT E
6 a 3 . 0 TORBANITE















• MARKS THE 2 CANONICAL DISCRIMINANT FUNCTIONfS) TO BE USED IN THE REMAINING ANALYSIS.
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS 
FUNC 1 FUNC 2
LCCAT 3.48345 -.34236 LCHAT -1.15178 1.80029 LCOAT .16972 .62771 
LCSAT 2.48410 .96896
STRUCTURE MATRIX:FOOLED WITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION.
FUNC 1 FUNC 2
LCOAT -.52488* .24137
LCHAT .15008 .83934*












PREDICTED GROUP MEMBERSHIP2 4 6
14 0 O100.02 .02 .0210 65 213.OX 84.42 2.62
0 0 3
.OX .OX 100.OX
PERCENT OF "GROUPED“ CASES CORRECTLY CLASSIFIED: 87.882
Key: At -  atomic LC -  log contrast (centred) 

























Plot of first two discriminant functions derived from log-centred transforms of atomic 
percentages of C, H, 0, N and S of major groups only, mapped according to aeposit types
S YM BO LS U S E D  I N  T E R R I T O R I A L MAP
SYMBOL GR OU P L A B E L
2 2 B I T O S I T E
4 4 L A C O S I T E
6 6 T O R B A N I T E
» G R OU P C E N T R O I D S
T E R R I T O R I A L M A P A S S U M IN G A L L F U N C T I O N S B U T  TH E F I R S T  TWO A R E  ZERO * I N D I C A T E S  A GR OUP C E N T R O I D
C A N O N I C A L  D I S C R I M I N A N T  F U N C T I O N  1
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TABLE 50 Results of Discriminant Function Analysis of Log-centred
Transforms of Atomic Percentages of C, H, O, N and S, 
According to Deposit Types, for Major Groups Only and 
Employing Petrographically Controlled Cases as a Training 
Set
NUMBER OF CASES BY GROUP
n u m b e r  o f  c a s e s





7 .0  3 I T 0 S I T E
4 2 .0  LACOSITE
6 . 0  TORBANITE
5 5 .0
CANONICAL DISCRIMINANT FUNCTIONS
PERCENT OF CUMULATIVE CANONICAL
FUNCTION EIGENVALUE VARIANCE PERCENT CORRELATION
1* 5.19610 89.45 89.45 .9157555
2* .61267 10.55 100.00 .6163682
• MARKS THE 2 CANONICAL DISCRIMINANT FUNCTIONS) TO BE USED IN THE REMAlNtNr am* hNAL YS15
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS 
FUNC 1 FUNC 2
LCCAT 












POOLED UITHIN-GROUPS CORRELATIONS BETUEEN CANONICAL DISCRIMINANT FUNCTIONS AND D 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE 





LCCAT . 13064 -.31909
LCNAT -.11528 .29957
LCSAT .08331 .25331
CLASSIFICATION RESULTS FOR CASES SELECTED FOR USE IN THE ANALYSIS -
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 2 4 6
GROUP 2 7 7 0 0
BITOSITE 100.02 .02 .02
GROUP 4 42 1 41 0
LACOSITE 2.42 97.62 .02
GROUP 6 6 0 0 6
TORBANITE .02 .02 100.02
PERCENT OF “GROUPED" CASES CORRECTLY CLASSIFIED: 98.182
CLASSIFICATION RESULTS FOR CASES NOT SELECTED FOR USE IN THE ANALYSIS -
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 2 4 6
GROUP 2 7 7 0 O
BITOSITE 100.02 .02 .02
GROUP 4 35 9 23 3
LACOSITE 25.72 65 .72 8.62
GROUP 6 2 0 0 2
TORBANITE .02 .02 100.02
PERCENT OF “GROUPED* CASES CORRECTLY CLASSIFIED: 72.732
Key: At -  atomic LC -  log contrast (centred) 

























FIGURE 68 Plot of first two discriminant functions derived from log-centred transforms of atomic 
percentages of C, H, 0, N and S for petrograpdically controlled cases of major groups 
only, mapped according to deposit types
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TABLE 51 Results of Discriminant Function Analysis of Atomic
Percentages of C, H, 0, N and S, According to Oil Shale
Types
NUMBER OF CASES BY GROUP
NUMBER OF CASES
OSTYPE UNWEIGHTED WEIGHTED LABEL
4 5 5.0 BITOSITE
: 7 9 9.0 COALY LACOSITE
li 27 27.0 LACOSITE
13 5 5.0 TORBANITE
TOTAL 46 46.0
tOUP HEANS
OSTYPE CAT HAT OAT NAT SAT
4 44.06000 49.92000 4.14000 1.22000 .68000
7 39.80000 52.88889 5.75556 1.10000 .46889
11 36.81111 57. 39630 4.72222 .78148 .29444
13 38.96000 57.68000 2.70000 .50000 .18000
TOTAL 38.41739 55.73261 4.64130 .86087 .35804
GROUP STANDARD DEVIATIONS
OSTYPE CAT HAT OAT NAT SAT
4 2.45825 1.65439 .71972 .13038 .40866
7 1.28258 2.26740 1.29915 .27386 .39394
11 1.23983 1.51391 1.36335 .14945 .33222
13 2.25233 .63403 2.00499 .07071 .08367
TOTAL 2.76938 3.15764 1.57361 .26872 .35602
POOLED WITHIN-GROUPS CORRELATION MATRIX
CAT HAT OAT NAT SAT
CAT 1.00000
HAT -.56561 1.00000
OAT -.37204 -.52915 1.00000
NAT .43493 -.54252 .07615 1.00000
SAT -.44204 .13736 .09689 -.10802 1.00000
CORRELATIONS WHICH CANNOT BE COMPUTED ARE PRINTED AS 99,.0.
WILKS’ LAMBDA (U-STATISTIC) AND UNIVARIATE F-RATIO
WITH 3 AND 42 DEGREES OF FREEDOM
VARIABLE WILKS' LAMBDA F SIGNIFICANCE
CAT .28277 35.51 .0000
HAT .25246 41.45 .0000
OAT .71776 5.505 .0028
NAT .39043 21.86 .0000




STEP ENTERED REMOVED IN LAMBDA SIC.
1 NAT 1 .390434 .0000
2 CAT 2 .142423 .0000
3 HAT 3 .110653 .0000
4 SAT 4 .085464 .0000
CANONICAL DISCRIMINANT FUNCTIONS
PERCENT OF CUMULATIVE CANONICAL
FUNCTION EIGENVALUE VARIANCE PERCENT CORRELATION
1* 4.56580 31.00 81.00 .9057214
2* 1.04131 18.47 99.47 .7142258
3* .02987 .53 100.00 .1702972
* MARKS THE 3 CANONICAL DISCRIMINANT FUNCTION(S) TO BE USED IN THE REMAINING ANALYSIS.
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS
FUNC 1 FUNC 2 FUNC 3
CAT .73391 .95033 .60896
HAT -.46771 .37187 1.12949
NAT -.02913 -.38913 .68593
SAT .57387 .13673 .60489
STRUCTURE MATRIX:
POOLED WITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION.
FUNC 1 FUNC 2 FUNC 3
HAT -.78819* .33550 .49601
CAT .73210* .29285 .00105
NAT .48181 -.69232* .27266
OAT .02784 -.60479 -.71339*









GROUP 4 5 5 0 0 0
BITOSITE 100.0% .0% .0% .0%
GROUP 7 9 0 9 0 0
COALY LACOSITE .0% 100.0% .0% .0%
GROUP 11 27 0 1 26 0
LACOSITE .0% 3.7% 96.3% .0%
GROUP 13 5 0 0 1 4
TORBANITE .0% .0% 20.0% 80.0%
PERCENT OF "GROUPED'' CASES CORRECTLY CLASSIFIED: 95..65%
Key: VARS -  variables At -  atomic %
Note: the most notable loadings have asterisks
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FIGURE 69a Plot of first two discriminant functions derived from atomic percentages of C, H, 0, N and
S, mapped according to oil shale types
SYMBOLS USED III TERRITORIAL MAP 
SYMBOL GROUP LABEL
4 4 3ITOSITE




07 OCT 39 SPSS-X RELEASE 2.0*- ICMSA) FOR UNISYS 1100
13:37:01 UNIVERSITY OF WOLLONGONG UNISYS 2200/201 EXEC 40R3
TERRITORIAL MAP ASSUMING ALL FUNCTIONS BUT THE FIRST TWO ARE ZERO * INDICATES A GROUP CENTROID
























































































































FIGURE 69b Plot of sampled cases, labelled according to oil shale types, on the first two 












07 OCT 89 SPSS-X RELEASE 2.0+ (CMSA) FOR UNISYS 1100
13:37:04 UNIVERSITY OF WOLLONGONG UNISYS 2200/201 EXEC 40R3
ALL-GROUPS SCATTERPLOT - » INDICATES A GROUP CENTROID 
CANONICAL DISCRIHINANT FUNCTION 1
OUT - 6 - 4 - 2 0 2 4  6 OUT
X ......... + ..........+ ..........+ ......... + ......... + ..........+ ..........+ ......... x
X X
6 +









R A A 4 4
I A A A AA A 7 *
M 0 + CAAA AA 7 7 4 +
I A* A A A 7 4
N A A 7
A A A A 7 *






X............. + ................ + ................ +




Note: multiple occurences are shown as a single symbol
6
198
TABLE 52 Results of Discriminant Function Analysis of Log-centred
Transforms of Atomic Percentages of C, H, O, N and S 































OSTYPE LCCAT LCHAT LCOAT LCNAT LCSAT
4 .08516 .05129 .01646 .10047 .22133
7 .16653 .17400 .17787 .15265 .62420
11 .13887 .13364 .16686 .14479 .51309
13 .09286 .07517 .26994 .10097 .18754
TOTAL .14128 .15493 .19215 .14213 .49929
POOLED WITHIN-GROUPS CORRELATION MATRIX
LCCAT LCHAT LCOAT LCNAT LCSAT
LCCAT 1.00000
LCHAT .98098 1.00000
LCOAT .45856 .46296 1.00000
LCNAT .84809 .79149 .39155 1.00000
LCSAT -.93856 -.92404 -.71192 -.86493 1.00000
CORRELATIONS WHICH CANNOT BE COMPUTED ARE :PRINTED AS 99.0.
WILKS* LAMBDA (U-STATISTIC) AND UNIVARIATE F-RATIO
WITH 3 AND 42 DEGREES OF FREEDOM
VARIABLE WILKS’ LAMBDA F SIGNIFICANCE
LCCAT .87591 1.983 .1311
LCHAT .68480 6.444 .0011
LCOAT .76407 4.323 .0096
LCNAT .89395 1.661 .1900










j_ LCHAT I .634801 .0011
2 LCOAT 2 .470186 .0000
3 LCCAT 3 .132733 .0000
4 LCNAT 4 .076779 .0000
CANONICAL DISCRIMINANT FUNCTIONS
PERCENT OF CUMULATIVE CANONICAL
FUNCTION EIGENVALUE VARIANCE PERCENT CORRELATION
1* 3.30146 69.22 69.22 .8897922
2* 1.67688 30.53 99.76 .7914735
3* .01335 .24 100.00 .1147659
« MARKS THE 3 CANONICAL :DISCRIMINANT FUNCTION(S) TO BE USED IN THE REMAINING ANALYSIS
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS
FUNC 1 FUNC 2 FUNC 3
LCCAT -•4.89080 -3.61228 2.19086
LCHAT 5.11539 1.74898 -1.49525
LCOAT -.00443 .56694 .92186
LCNAT .00584 1.68087 -.84063
STRUCTURE MATRIX:
POOLED VITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION. 
FUNC 1 FUNC 2 FUNC 3
LCNAT -.09495 .22362* .19489
LCOAT .12333 .37834 .90512*
LCSAT -.13843 -.08325 -.60379*
LCCAT .13020 -.21107 .43386*









GROUP 4 5 5 0 0 0
BITOSITE 100.0% .0% .0% .0%
GROUP 7 9 0 8 1 0
COALY LACOSITE .0% 88.9% 11.1% .0%
GROUP 11 27 0 1 26 0
LACOSITE .0% 3.7% 96.3% .0%
GROUP 13 5 0 0 1 4
TORBANITE .0% .0% 20.0% 80.0%
PERCENT OF "GROUPED" CASES CORRECTLY CLASSIFIED: 93..48%
Key: At -  atomic LC -  log contrast (centred) 
Note: the most notable loadings have asterisks
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FIGURE 70a Plot of first two discriminant functions derived from log-centred transforms of atomic
percentages of C, H, 0, N and S, mapped according to oil shale types
SYMBOLS USED IN TERRITORIAL MAP 
SYMBOL GROUP LABEL
4 4 3ITOSITE
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SPSS-X RELEASE 2.0+ (CMSA) FOR UNISYS 1100 
UNIVERSITY OF WOLLONGONG UNISYS 2200/201 EXEC 40R3
TERRITORIAL MAP ASSUMING ALL FUNCTIONS BUT THE FIRST TWO ARE ZERO
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discriminant functions derived from log-centred transforms of elemental atomic percentage 
data
FIGURE 70b Plot of sampled cases, labelled according to oil shale types, on the first two
SYMBOLS USED III PLOTS 
SYMBOL GROUP LABEL
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07 OCT 39 SPSS-X RELEASE 2.0+ (CMSA) FOR UNISYS 1100
13:51:30 UNIVERSITY OF WOLLONGONG UNISYS 2200/201 EXEC 40R3
ALL-GROUPS SCATTERPLOT - * INDICATES A GROUP CENTROID 
CANONICAL DISCRIMINANT FUNCTION 1
OUT - 6 - 4 - 2  0 2 4 6
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TABLE 53 Results of Discriminant Function Analysis of Atomic
Percentages of C, H, O, N and S for Retort Oils, According 
to Deposit Types of the Organic Matter Sources
NUMBER OF CASES BY GROUP
HUMBER OF CASES
DEPTYPE UNWEIGHTED WEIGHTED LABEL
1 3 3.0 CANNEL
2 6 6.0 BITOSITE
4 29 29.0 LACOSITE
5 1 1.0 TASMANITE
6 4 4.0 TORBANITE
TOTAL 43 43.0
GROUP MEANS
DEPTYPE CAT HAT OAT NAT
1 36.43333 58.63333 4.56667 .20000 .16667
2 40.40000 57.53333 1.13333 .51667 .41667
4 36.86207 61.01034 1.54862 .46897 .11759
5 39.30000 59.30000 .60000 .30000 .40000
6 37.20000 61.62500 .87500 .20000 .10000
TOTAL 37.41395 60.37674 1.61651 .42791 .16767
GROUP STANDARD DEVIATIONS
DEPTYPE CAT HAT OAT NAT SAT
1 1.15902 2.70062 3.67741 .10000 .115472 .92736 1.20111 .57155 .07528 .256264 2.11329 2.32384 2.10867 .15608 .070495 INSUFFICIENT DATA FOR STANDARD DEVIATIONS6 .66833 .75000 .37749 .08165 .00000TOTAL 2.19486 2.44636 2.09584 .17089 .15516
POOLED WITHIN-GROUPS CORRELATION MATRIX
CAT HAT OAT NAT SAT
CAT 1.00000
HAT -.50963 1.00000
OAT -.44092 -.54361 1.00000NAT .58634 -.40212 -.19565 1.00000SAT .03950 -.15050 .05114 .10208 1.00000CORRELATIONS WHICH CANNOT BE COMPUTED ARE PRINTED AS 99.0.
WILKS' LAMBDA (U-STATISTIC) AND UNIVARIATE F-RATIOWITH 4 AND 38 DEGREES OF FREEDOM
VARIABLE WILKS' LAMBDA F SIGNIFICANCE










PERCENT OF CUMULATIVE CANONICAL 
FUNCTION EIGENVALUE VARIANCE PERCENT CORRELATION
1* 1.80661 65.64 65.64 .8023083
2* .76674 27.86 93.50 .6587764
3* .17183 5.24 99.74 .3829309
4« .00717 .26 1 0 0 .0 0 .0843944
* MARKS THE 4 CANONICAL DISCRIMINANT FUNCTION(S) TO BE USED IN THE REMAINING ANALYSIS.
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS
FUNC 1 FUNC 2 FUNC 3 FUNC 4
HAT 1.04438 .37979 -.02584 1.03996
OAT .76116 .16340 .99800 .63182
NAT .74504 1.03685 .22651 .04006
SAT -.65677 .39872 .03956 .65853
STRUCTURE MATRIX: 
POOLED VITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION.
FUNC 1 FUNC 2 FUNC 3 FUNC 4
SAT -.69897* .45576 .11761 .53842
NAT .10912 .39286* .04568 -.43452
OAT .01407 -.22553 .96975* .09233
HAT .42985 -.18597 -.66540* .58128








1 HAT 1 .695006
2 NAT 2 .390330
3 SAT . 3 .232969





















1 2 4 5 6
2 0 . 0 0 1
66.7% .0% .0% .0% 33.3%
0 4 1 0 1
.0% 66.7% 16.7% .0% 16.7%
1 2 24 0 2
3.4% 6.9% 82.8% .0% 6.9%
0 0 0 1 0
.0% .0% .0% 1 0 0.0% .0%
0 0 0 0 4
.0% .0% .0% .0% 1 0 0.0%
PERCENT OF "GROUPED” CASES CORRECTLY CLASSIFIED: 81.40%
Key: VARS -  variables At -  atomic %
Note: the most notable loadings have asterisks
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FIGURE 71a Plot of f i rs t  two discriminant functions derived from atomic percentages of C, H, 0, N and 
S for retort o ils ,  mapped according to deposit types of organic matter sources








07 OCT 89 SPSS-X RELEASE 2.0+ (CMSA) FOR UNISYS 1100
14:18:55 UNIVERSITY OF WOLLONGONG UNISYS 2200/201 EXEC 40R3
TERRITORIAL MAP ASSUHING ALL FUNCTIONS BUT THE FIRST TVO ARE ZERO * INDICATES A GROUP CENTROID
CANONICAL DISCRIMINANT FUNCTION 1
- 3 - 6 - 4 - 2 0  2 4 6 S
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FIGURE 71b P l o t  o f  sam p led  c a s e s  o f  r e t o r t  o i l s ,  l a b e l l e d  a c c o r d in g  t o  d e p o s i t  t y p e s  o f  o r g a n i c
m a t t e r  s o u r c e s ,  on t h e  f i r s t  two d i s c r i m i n a n t  fu n c t i o n s  d e r i v e d  f r o m  e l e m e n t a l  a to m ic  
p e r c e n t a g e  d a ta








07 OCT 89 SPSS-X RELEASE 2.0+ (CMSA) FOR UNISYS 1100
14:18:57 UNIVERSITY OF WOLLONGONG UNISYS 2200/201 EXEC 40R3
ALL-GROUPS SCATTERPLOT -  * INDICATES A GROUP CENTROID 
CANONICAL DISCRIMINANT FUNCTION 1
3 - 2 - 1  0 1 2 3
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Note: multiple occurences are shown as a single symbol
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TABLE 54 Results of Discriminant Function Analysis of Atomic
Percentages of C, H, O, N and S for the Major Groups of 
Retort Oils, According to Deposit Types of the Organic 
Matter Sources
NUMBER OF CASES BY GROUP
NUMBER OF CASES
DEPTYPE UNWEIGHTED WEIGHTED LABEL
2 6 6.0 BITOSITE
4 ■ 29 29.0 LACOSITE
6 4 4.0 TORBANITE
TOTAL 39 39.0
GROUP MEANS
DEPTYPE CAT HAT OAT NAT SAT
2 40.40000 57.53333 1.13333 .51667 .41667
4 36.86207 61.01034 1.54862 .46897 .11759
6 37.20000 61.62500 .87500 .2 0 0 0 0 .1 0 0 0 0
TOTAL 37.44103 60.53846 1.41564 .44872 .16179
GROUP STANDARD DEVIATIONS
DEPTYPE CAT HAT OAT NAT SAT
2 .92736 1 . 2 0 1 1 1 .57155 .07528 .25626
4 2.11329 2.32384 2.10867 .15608 .07049
6 .66833 .75000 .37749 .08165 .0 0 0 0 0
TOTAL 2.25467 2.43587 1.84050 .16363 .15637
POOLED WITHIN-GROUPS CORRELATION HATRIX
CAT HAT OAT NAT SAT
CAT 1 .0 0 0 0 0
HAT -.57378 1 .0 0 0 0 0
OAT -.42979 -.48840 1 . 0 0 0 0 0
NAT .57889 -.45164 -.16751 1.0000 0
SAT .07515 -.09844 -.04695 .14061 1.00000
CORRELATIONS WHICH CANNOT BE COHPUTED ARE PRINTED AS 99.0.
WILKS’ LAMBDA (U-STATISTIC) AND UNIVARIATE F-RATIO 
WITH 2 AND 36 DEGREES OF FREEDOM
VARIABLE WILKS' LAMBDA F SIGNIFICANCE
CAT .67653 8.606 .0009
HAT .71010 7.349 .0 0 2 1
OAT .98322 .3072 .7374
NAT .71789 7.074 .0026










1 NAT 1 .717885
2 CAT 2 .420816




. 0 0 0 0
. 0 0 0 0
CANONICAL DISCRIMINANT FUNCTIONS
PERCENT OF CUMULATIVE CANONICAL 




1.54986 74.84 74.84 .7796296
.52107 25.16 100.00 .5852924
THE 2 CANONICAL DISCRIMINANT FUNCTION(S) TO BE USED IN THE REMAINING ANALYSIS.
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS





POOLED VITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION. 
























6.9% 8 6.2% 6.9%
0 0 4
.0% .0% 1 0 0.0%
PERCENT OF "GROUPED" CASES CORRECTLY CLASSIFIED: 84.62%
Key: VARS -  variables At -  atomic %
Note: the most notable loadings have asterisks
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GURE 72 P l o t  o f  f i r s t  two d i s c r im in a n t  fu n c t i o n s  d e r i v e d  fr om  a to m ic  p e r c e n t a g e s  o f  C, H, 0 ,  N and 
S f o r  m a jo r  g roup s  o f  r e t o r t  o i l s ,  mapped a c c o r d in g  t o  d e p o s i t  t y p e s  o f  o r g a n i c  m a t t e r  
s o u r c e s






07 OCT 89 SPSS-X RELEASE 2.0+ (CMSA) FOR UNISYS 1100
14:11:38 UNIVERSITY OF WOLLONGONG UNISYS 2200/201 EXEC 40R3
TERRITORIAL MAP ASSUMING ALL FUNCTIONS BUT THE FIRST TWO ARE ZERO * INDICATES A GROUP CENTROID
CANONICAL DISCRIMINANT FUNCTION 1
- 8 -6 -4 -2 0 2 4 6 3
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TABLE 55 Results of Discriminant Function Analysis of Log-centred
Transforms of Atomic Percentages of C, H, O, N and S for 
Retort Oils, According to Deposit Types of the Organic 
Matter Sources
NUMBER OF CASES BY GROUP
NUMBER OF CASES
DEPTYPE UNWEIGHTED WEIGHTED LABEL
1 3 3.0 CANNEL
2 6 6.0 BITOSITE
4 29 29.0 LACOSITE
5 1 1.0 TASMANITE
6 4 4.0 TORBAHITE
TOTAL 43 43.0
GROUP MEANS
DEPTYPE LCCAT LCHAT LCOAT LCNAT LCSAT
1 1.10191 1.30839 .09017 -1.20006 -1.30040
2 1.08325 1.23680 -.51426 -.81382 -.99197
4 1.18629 1.40545 -.49578 -.72945 -1.36652
5 1.14944 1.32810 -.66680 -.96783 -.84290
6 1.26165 1.48090 -.39467 -1.03904 -1.30884
TOTAL 1.17218 1.38037 -.45205 -.80840 -1.29210
GROUP STANDARD DEVIATIONS
DEPTYPE LCCAT LCHAT LCOAT LCNAT LCSAT
1 .10185 . 1 1 1 1 2 .30403 .29666 .21305
2 .07233 .08426 .19988 .05691 .27565
4 .14226 .15359 .47046 .15645 .20234
5 INSUFFICIENT DATA FOR STANDARD DEVIATIONS
6 .06874 .07396 .11276 .13272 .07025
TOTAL .13168 .14942 .42650 .20758 .24573
POOLED WITHIN-GROUPS CORRELATION MATRIX
LCCAT LCHAT LCOAT LCNAT LCSAT
LCCAT 1 . 0 0 0 0 0
LCHAT .97429 1 . 0 0 0 0 0
LCOAT -.83086 -.80399 1 . 0 0 0 0 0
LCNAT .58862 .50539 -.68624 1 . 0 0 0 0 0
LCSAT -.04603 -.03864 -.44031 -.07764 1 .0 0 0 0 0
CORRELATIONS WHICH CANNOT BE COMPUTED ARE PRINTED AS 99.0.
WILKS’ LAMBDA (U-STATISTIC) AND UNIVARIATE F-RATIO 
WITH 4 AND 38 DEGREES OF FREEDOM
VARIABLE WILKS’ LAMBDA F SIGNIFICANCE
LCCAT .86190
LCHAT .78608









EP ENTERED REMOVED IN LAMBDA
1 LCNAT 1 .514105
2 LCHAT 2 .348356
3 LCCAT 3 .216918







PERCENT OF CUMULATIVE CANONICAL
FUNCTION EIGENVALUE VARIANCE PERCENT CORRELATION
1« 1.83960 62.52 62.52 .8048839
2« 1.01387 34.46 96.98 .7095384
3* .07248 2.46 99.45 .2599710
4» .01623 .55 100.00 .1263895
* MARKS THE 4 CANONICAL DISCRIMINANT FUNCTION(S) TO
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS
FUNC 1 FUNC 2 FUNC 3 FUNC 4
LCCAT --3.15848 -1.15109 -.56816 3.85045
LCHAT 2.87903 2.59718 .20881 -2.88204
LCOAT .48886 1.28997 .82630 1.22302
LCNAT 1.41756 -.02071 .23663 .42200
REMAINING ANALYSIS.
STRUCTURE MATRIX*
POOLED WITHIN-GROUPS CORRELATIONS BETWEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION.
FUNC 1 FUNC 2 FUNC 3 FUNC 4
















LCSAT -.29118 -.61375 -.36412 -.63714*
CLASSIFICATION RESULTS -
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 1 2 4 5 6
GROUP 1 3 2 0 0 0 1
CANNEL 66.7% .0% .0% .0% 33.3%
GROUP 2 0 0 5 1 0 0
BITOSITE .0% 33.3% 16.7% .0% .0%
GROUP 4 29 1 2 25 0 1
LACOSITE 3.4% 6.9% 86.2% .0% 3.4%
GROUP 5 1 0 0 0 1 0
TASMANITE .0% .0% .0% 100.0% .0%
GROUP 6 4 0 0 1 0 3
TORBANITE .0% .0% 25.0% .0% 75.0%
PERCENT OF "GROUPED" CASES CORRECTLY CLASSIFIED: 83.72%
Key: At -  atomic LC -  log contrast (centred) 
Note: the most notable loadings have asterisks
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FIGURE 73a Plot of first two discriminant functions derived from log-centred transforms of atomic 
percentages of C, H, 0, N and S for retort oils, mapped according to deposit types of 
organic matter sources








07 OCT 39 SPSS-X RELEASE 2.0+ (CMSA) FOR UNISYS 1100 
14:27:43 UNIVERSITY OF WOLLONGONG UNISYS 2200/201 EXEC 40R3
TERRITORIAL MAP ASSUMING ALL FUNCTIONS BUT THE FIRST TWO ARE ZERO
CANONICAL DISCRIMINANT FUNCTION 1


































































































































FIGURE 73b P l o t  o f  sampled c a s e s  o f  r e t o r t  o i l s ,  l a b e l l e d  a c c o r d in g  t o  d e p o s i t  t y p e s  o f  o r g a n i c
m a t t e r  s o u r c e s ,  on th e  f i r s t  two d i s c r i m i n a n t  f u n c t i o n s  d e r i v e d  f r o m  l o g - c e n t r e d  
t r a n s fo r m s  o f  e l e m e n ta l  a to m ic  p e r c e n t a g e  d a ta








07 OCT 89 SPSS-X RELEASE 2.0+ (CMSA) 
14:27:45 UNIVERSITY OF WOLLONGONG
FOR UNISYS 1100
UNISYS 2200/201 EXEC 40R3
ALL-GROUPS SCATTERPLOT - * INDICATES A GROUP CENTROID 


















D 2 + s +
I
S *16 4
C 1 * 6 4
R 1 6 4 4 44
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TABLE 56 Results of Discriminant Function Analysis of Log-centred
Transforms of Atomic Percentages of C, H, 0, N and S for the 
Major Groups of Retort Oils, According to Deposit Types of 
the Organic Matter Sources
HUMBER OF CASES BY GROUP
NUMBER OF CASES
DEPTYPE UNWEIGHTED WEIGHTED LABEL
2 6 6.0 BITOSITE
4 29 29.0 LACOSITE
6 4 4.0 TORBANITE
TOTAL 39 39.0
GROUP MEANS
DEPTYPE LCCAT LCHAT LCOAT LCNAT LCSAT
2 1.08325 1.23680 -.51426 -.81382 -.99197
4 1.18629 1.40545 -.49578 -.72945 -1.36652
6 1.26165 1.48090 -.39467 -1.03904 -1.30884
TOTAL 1.17817 1.38725 -.48825 -.77418 -1.30298
GROUP STANDARD DEVIATIONS
DEPTYPE LCCAT LCHAT LCOAT LCNAT LCSAT
2 .07233 .08426 .19988 .05691 .27565
4 .14226 .15359 .47046 .15645 .20234
6 .06874 .07396 .11276 .13272 .07025
TOTAL .13483 .15329 .41282 .17033 .24272
POOLED VITHIN-GROUPS CORRELATION MATRIX
LCCAT LCHAT LCOAT LCHAT LCSAT
LCCAT 1 .0 0 0 0 0
LCHAT .97347 1 .0 0 0 0 0
LCOAT -.82572 -.79816 1 .0 0 0 0 0
LCNAT .59617 .50540 -.70671 1 .0 0 0 0 0
LCSAT -.01925 -.01344 -.48812 .02670 1.00000
CORRELATIONS WHICH CANNOT BE COMPUTED ARE PRINTED AS 99.0.
WILKS’ LAMBDA (U-STATISTIC) AND UNIVARIATE F-RATIO 
WITH 2 AND 36 DEGREES OF FREEDOM
VARIABLE WILKS’ LAMBDA F SIGNIFICANCE
LCCAT .87862 2.487 .0974
LCHAT .79787 4.560 .0172
LCOAT .99371 .1139 .8926
LCNAT .68428 8.305 .0 0 1 1










1 LCNAT 1 .684279 .0011
2 LCSAT 2 .473546 .0000
3 LCHAT 3 .332458 .0000
4 LCCAT 4 .217900 .0000
SUMMARY TABLE
CANONICAL DISCRIMINANT FUNCTIONS
PERCENT OF CUMULATIVE 





* MARKS THE 2
63.38 63.38 .7721302
36.62 100.00 .6785253
CANONICAL DISCRIMINANT FUNCTION(S) TO BE USED IN THE REMAINING ANALYSIS.
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS 






POOLED WITHIN-GROUPS CORRELATIONS BETVEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION. 



























PERCENT OF "GROUPED” CASES CORRECTLY CLASSIFIED: 84.62%
Key: At -  atomic LC -  log contrast (centred) 
Note: the most notable loadings have asterisks
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FIGURE 74 Plot of first two discriminant functions derived from log-centred transforms of atomic 
percentages of C, H, 0, N and S for major groups of retort oils, mapped according to 
deposit types of organic matter sources
SYMBOLS USED III TERRITORIAL MAP 
SYMBOL GROUP LABEL
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TERRITORIAL MAP ASSUMING ALL FUNCTIONS BUT THE FIRST TWO ARE ZERO * INDICATES A GROUP CENTROID
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TABLE 57 Results of Discriminant Function Analysis of Pyrolysis 
Variates, According to Deposit Types
NUMBER OF CASES BY GROUP
NUMBER OF CASES
DEPTYPE UNWEIGHTED WEIGHTED LABEL
1 6 6.0 CANNEL
2 2 2.0 BITOSITE
3 1 1.0 KUKERSITE
4 24 24.0 LACOSITE
6 2 2.0 TORBANITE
TOTAL 35 35.0
GROUP MEANS
DEPTYPE TMAX SI S2 S3 TOC
1 417.83333 37.60500 169.08667 62.08167 31.57000
2 431.50000 2.07000 43.51500 3. 44500 6.10000
3 431.00000 4.67000 432.17000 21.74000 45.30000
4 436.45833 3.55542 105.91167 7.82833 15.74833
6 454.00000 1.89000 709.00500 22.64500 76.63000
TOTAL 433.82857 9.24429 156.96029 13.12257 22.23257
04 APR 89 SPSS-X RELEASE 2.0A-UW1.0 FOR SPERRY 1100
15:28:26 The University of Wollonaong 1100/72X1 E2 EXEC 39R3D
GROUP STANDARD DEVIATIONS
DEPTYPE TMAX SI S2 S3 TOC
1 16.31462 51.59261 171.00967 89.83909 IS.37370
2 3.53553 1.99404 52.38954 .86974 4.00222
3 INSUFFICIENT DATA FOR STANDARD DEVIATIONS
4 7.28894 2.13811 68.40531 9.21931 8.69498
6 1.41421 .79196 112.77646 5.87606 2.09304
TOTAL 12.24862 23.79661 175.20748 40.93326 18.74773
POOLED WITHIN-GROUPS CORRELATION MATRIX
TMAX SI S2 S3 TOC
TMAX 1.00000
51 -.67197 1.00000
S2 -.24236 .74628 1.00000
S3 -.56185 .84527 .69986 1.00000
TOC -.31696 .51850 .72389 .58630 1.00000
CORRELATIONS WHICH CANNOT BE COMPUTED ARE PRINTED AS 99.0.
WILKS' LAMBDA (U—STATISTIC) AND UNIVARIATE F-RATIO
UITH 4 AND 30 DEGREES OF FREEDOM
VARIABLE WILKS’ LAMBDA F SIGNIFICANCE
TMAX .50329 7.402 . 0003
SI .69695 3.261 . 0247
S2 .25803 21.57 . 0000
S3 .74332 2.590 .0567




EP ENTERED REMOVED IN LAnBDA
; TOC 1 .23346S
2 TMAX 2 .130602
3 S2 3 .099719
A S3 4 . 071033
5 SI 5 .046744
6 S3 4 .047746
SUMMARY TABLE
5IG.
. 0000  
. 0000  
. 0000 
. 0000  













7.73236 86.96 36.96 .9410043
.39154 10. 03 96. 99 .6865353
.26675 3.00 99. 99 .4588898
.00092 . 01 100.00 .0302970
MARKS THE 4 CANONICAL DISCRIMINANT FUNCTION(S) TO BE USED IN THE REMAINING ANALYSIS
STANDARDIZED CANONICAL DISCRIMINANT FUNCTION COEFFICIENTS
FUNC 1 FUNC 2 FUNC 3 FUNC 4
TMAX .53173 -.42570 1.55353 . 26594
SI 1.71144 .34479 1.50219 .83202
S2 -1.80627 -.52543 -1.25784 .69559
TOC .09512 .84756 1.00690 -.85017
STRUCTURE MATRIX:
POOLED WITHIN—GROUPS CORRELATIONS BETUEEN CANONICAL DISCRIMINANT FUNCTIONS AND DISCRIMINATING VARIABLES 
VARIABLES ARE ORDERED BY THE FUNCTION WITH LARGEST CORRELATION AND THE MAGNITUDE OF THAT CORRELATION.
FUNC 1 FUNC 2 FUNC 3 FUNC 4
TMAX -.21069 -.79868* .52985 -.19227
TOC -.49357 .78091« .38283 .00047
S3 -.06050 .65982* .10690 .54222
SI .05548 .67820 .04161 . 73160'
S2 -.58908 .44860 .21556 .63662'
CLASSIFICATION RESULTS -
NO. OF PREDICTED GROUP MEMBERSHIP
ACTUAL GROUP CASES 1 2 3 4 6
GROUP 1 6 4 2 0 0 0
CANNEL 66. 7* 33.3* . 0* . 0* . 0*
GROUP 2 2 0 2 0 0 0
BITOSITE . 0* 100.0* .0* . 0* . 0*
GROUP 3 1 0 0 1 0 0
KUKERSITE . 0* . 0* 100.0* . 0* . 0*
GROUP 4 24 2 3 0 19 0
LACOSITE 8.3* 12. 5* . 0* 79.2* . 0*
GROUP 5 0 0 0 0 0 0
TASflANITE .0* . 0* .0* .0* . 0*
GROUP - 6 2 0 0 0 0 2
TORBANITE . 0* . 0* . 0* . 0* 100.0*
PERCENT OF •GROUPED' CASES CORRECTLY CLASSIFIED: 30.00*
Note: the most notable loadings have asterisks
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FIGURE 75a P l o t  o f  f i r s t  two d is c r im in a n t  fu n c t ion s  d e r i v e d  from p y r o l y s i s  v a r i a t e s ,  mapped 






6 6 TORBANITE* GROUP CENTROIDS
04 APR 89 SPSS-X RELEASE 2.OA-UU1.0 FOR SPERRY 1100
15:28:81 The University o f  Uollongong 1100/72X1 E2 EXEC 39R3D
TERRITORIAL MAP ASSUMING ALL FUNCTIONS BUT THE FIRST TUO ARE ZERO * INDICATES A GROUP CENTROID
CANONICAL DISCRIMINANT FUNCTION 1
-16 -12 -8 -4 0 4 8 12 16* . .











N a + - 63 331 > + . +* ♦
I 63 31
C 63 31 1
A 63 331
L 63 3163 311
D 4 + + 63 + 331 + + + +
I 63 311
S 633 331
C 663 31 * .
R 63 311111111 .
I 63 ■ 344444441111111111111111111111111111111111111111.
n 0 + ♦ * ♦ 63 + 34 44444422222222222222222222222222222222222+
i 63 334 **422 .
N 63 344 442 .
A 63 34 422 .
N 63 34 442 .
T ' 63 34 4422 .-4 ♦ ♦ 63 + 334 + 422 * + + ♦
F 63 344 442 .
U 63 34 422 .
N 63 34 442 .
C 63 334 422 . .
T 633 344 442 .
I -8 + ♦ ♦ 663 34 422 + + + +
O 63 34 442 .
N 63 34 422 .63 334 442 .
2 63 344 422 .63 34 442
-12 + * ♦ 63 34 422 ♦ + + •♦■ -♦>63 34 442
63 334 422
63 - 344 442
63 34 422
63 34 442
-16 ♦ 63 334 422 +■
♦ . . . .
-16 -12 -3 -4 0 4 3 12. 16
218.1
FIGURE 75b P l o t  o f  samoled c a se s ,  l a b e l l e d  acco rd ing  t o  d e p o s i t  t yp es ,  on the  f i r s t  two d is c r im in a n t  
fu n c t io n s  d e r i v e d  from p y r o l y s i s  data
Symbol GROUP L ABEL






04 APR 89 SPSS-X RELEASE 2.0A-ULI1.0 FOR 
15:28:33 Trie University of Uollongong
SPERRY 1100 
1100/72X1 E2 EXEC 39R3D
ALL-GROUPS SCATTERPLOT - * INDICATES A GROUP CENTROID 
CANONICAL DISCRIMINANT FUNCTION 1
OUT -6 -4 -2 0 2 4 6 OUT



































Note: multiple occurrences are shown as a single symbol



































FIGURE 77 Classification scheme for organic matter-rich rocks and sediments other than coal, based 
on maceral composition and including their depositional environments




COALY SHALES OIL SHALES BITUMEN-RICH









TYPICAL ORGANIC V>I>L OR L>V>l OR BITUMEN





ENVIRONMENT MOOR TO LACUSTRINE, VARIOUS; BITUMEN
OF DEPOSITION LACUSTRINE, MARINE; ORIGINATES FROM
MARINE; FRESHWATER. POSTDEPOSITION AL
FRESHWATER, BRACKISH, PROCESSES
BRACKISH, SALINE SUCH AS NEAR
SALINE SURFACE ALTERATION 
OF OIL SEEPS 
OR RESERVOIR OIL 





Note: llptinitic macérais' include liptinite and bituminite
FIGURE 78 Classification scheme for oil shales based on maceral composition and including their
depositional environments
DOMINANT H IG H ER -PLAN T
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B O T R Y O C O C C U S -RELATED TASMANITIDS G I D E O C A P S O M O R P H A  BITUM INITE
SP O R IN ITE. RESI N IT E , 












LOW MOOR TO LACUSTRINE,
MARGINAL MARINE ; LACUSTRINE ,*
FRESHWATER, LESS FRESHWATER,BRACKISH,
COMMONLY BRACKISH SALINE IN SOME CASES
MARINE
SA LIN E
LAC USTR IN E; 
FRESHWATER, BRACKISH 
POSSIBLY SALINE IN 
RARE CASES
m a r i n e ; MARINE; m a r i n e -,
s a l i n e SALINE SALINE
SECONDARY *, 





FIGURE 79 Ternary diagram based on mineral-free maceral abundances, showing the compositional fields 




FIGURE 80 Ternary diagram based on mineral-free maceral abundances, shoning the compositional fields 
of some oil shale types deposited in normarine settings
TELALGINITE
HIGHER-PLANT 90 50 VITRINITE +
□PUNITE INERTINITE
Note: Durains and clarains plot on the higher-plant liptinite-
-vitrinite+inertinite axis and are classed as humic coals
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FIGURE 81 Ternary diagram basea on mineral-free maceral abundances, showing the compositional fields
of some oil shale types deposited in nonmarine settings
LAMALGINITE
Not«: Dura I ns and clarains plot on the higher-plant llptlnite- 
-vltrlnite+lnertlnite axis and are classed as humic coals
ACC/DMM/GD1291
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FIGURE 82 Ternary diagram based on mineral-free maceral abundances, showing the ccmpositional fields 






TABLE 58a S m a r y  of Sane Generalised Aspects of Oil Shales Deposited in Noranne Environments
Liptinite-rich hanic 
coals and coaly shales
Camels Torbanites Lacosites
Sane related terms clarain, durain sapropelic coal, sapropelic coal, lamosite,
& vitrain^ in part, spore coal, leaf camel, boghead carbonaceous
carbonaceous shale, coal, resin coal, coal/shale, algal shale, bituminous
black shale cuticular coal; coal/shale, kero- shale, black
durain and clarain sene shale, mara- shale, kerogenous
in part; kerosene 
shale
huni te shale
Generalised organic corrositi on:
C very high high moderate low-moaerate
H very low low high moderate-high
Heteroatoas very high high low-very low low-moderate
Generalised retort oil ccarosition:
C low-moderate low-moderate moderate low-moderate
H low-moderate low-moderate high moderate-high
0 high high low low-high
N low low low low-high
S low low low low
Exploitation paraaeiters:
Deposit size moderate-large moderate smal l moderate-very 
large
Typical yields low-moderate moderate-high very high moderate-high
Possible processing CÔ  emissions, some 
N poisoning of cat-
CO emissions 2 high energy input high ash and abundant
constraints for retorting spent shale for low-
alysts, some S moderate grades
problems (beneficiation cornnonly 
required), high energy 
input for retorting in
some cases
Oil Quality poor poor-fai r very good fai r-good
Sane possible coal coal coal coal; manufacture of
associated industries cement, building
bricks, fe rti l isers  
and aggregates; soda 
ash, Al, trace metals
Sane exanoles parts of numerous parts of nunerous Joadja, Glen Davis, Rurtdle, Stuart, Condor,
coal deposits coal deposits Newnes, Middle Duaringa, Nagoorin
including Eucla River Seam, Temi (Qld), Green River Fm.
Basin, Yallourn and (NSW), Alpha (Q ld .), (USA), Mae Sot (Thai.)
Walloon coals (Aus.), Autun (France), Messel (Germ.), Fushun,
Ruhr coals (Germ.) Torbane Hill & West- Maoming (China), Alek-
fie ld  (Scot.), Erm- sinac (Yugo.), Puertol-
elo (S .A f r . ) ,  Ruhr lano (Spain), Irati
(Germany), Irkutsk (Braz il ) ,  Midland
(USSR), Nova Scotia (Scot.),  McArthur
(Can.) Basin (n. Aus)
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TABLE 58b Senary of Some Generalised Aspects of Oil Shales Deposited in Karine Environments
Tasmanltes ((licersi tes Harosites Bitosites
Sane related terms white coal, spore mixed oil shale, mixed oil shale,
coal, carbonaceous marinite, bitumin- marinite, bitunin-
shale, black shale, ous shale, carbon- ous shale, carbon-
bituminous shale aceous shale, black aceous shale, black
shale, kerogenous shale, kerogenous
shale shale
r^ v r s l  ised organic composition:
C low-moderate moderate moderate moderate-high
H high high moderate low-moderate
Heteroatoms low moderate low-moderate low-moderate
Generalised retort <oil coapositian:
C moderate n.a. moderate-high moderate-high
H moderate n.a. moderate low-moderate
0 low n.a. low low
N low n.a. moderate moderate
S moderate-high n.a. low-moderate moderate-high
Exploitation parameters:
Deposit size small-moderate moderate-large moderate-large large-very large
Typical yields high high moderate-high moderate
Possible processing some S problems CO emissions 2 some N poisoning some N poisoning of
constraints of catalysts, some catalysts, some S
S problems problems












Sene ex am  les Tasmania (Aus.), 
Kentucky & Alaska 
(USA), N.Afr.
Estoni a-Leni ngrad 
(USSR), Amadeus & 
Canning Basins 
(Aus.), s. Persia*
parts of the Kim- 
meridgian (UK), 
Toarcian (France) & 
various other bito-
Toolebuc Fm. (Aus), 
Posidonienschiefer 
(Germ.) and various 
other European Toarcii
osite deposits; shales; Chattanooga and
Kockotea Shale & associated oil shales
Dingo Claystone (USA), Kuperschiefer
(WA) Smackover Fm., (Germ.)
Gulf of Mexico
Key: Aus.- Australia; Germ.* Germany; NSW- New South Uales, Australia; Qld.- Queensland, Australia;
Scot.- Scotland; S.Afr.- South Africa; N.Afr.- North Africa; Can.- Canada; Thai- Thailand;
Yugo.- Yugoslavia; n. Aus.- northern Australia; WA- Western Australia; s. Persia- southern Persia 
Fm.- Formation; n.a- not available/applicable; * - after Hutton, 1982b 
Note -  elemental abundances are relative to those of the other types of o il shale
APPENDIX IA Voliætric Composition, Organic Natter Fluorescence Colours and Oil and Gas Yields for Some Uitosites and Related Rocks from Kansas, USA
Name Sample Oil yield Gas yield Naceral/
(epoch) rentier litres/tome wt.X wt.X inorganic matter
(Plate reference)
Dominant fluorescence colours Percentage
by vo l une








lamalgini te dull, medium, bright orange; 
dull, medium, bright yellow; 
medium, bright green
1
telalginite (?Botryococcus- bright yellow rare
related)
sporini te medium orange; medium yellow rare
liptodetrinite dull, medium, bright orange; 
dull, medium, bright yellow; 
medium green
bitumen + resinite bright yellow rare
bi tuminite commonly mediun brownish orange 15
inertini te sparse





lamalgini te dull, medium orange; 
du ll , medium yellow
1
sporini te medium orange; bright yellow rare
liptodetrini te dull, medium orange; 
du ll , medium yellow
1
bi tumini te commonly medium brownish orange 20
inertini te sparse
clay/silt-sized minerals 75














Sample Oil yield Gas yield Haceral/











trace 0.0 0.4 lamalginite
liptodetrinite
v itr in ite  + inertinite  
bi tumini te
clay/silt -sized minerals 
pyrite/other highly-reflecting  
minerals
trace 0.0 0.3 v itr in ite  + inertinite
bi tumini te 
liptodetrinite  
clay/silt -s ized minerals 
pyrite/other highly-reflecting  
minerals
trace 0.0 0.6 v itr in ite  + inertinite
bi tumini te
clay/silt -s ized minerals 
( large ly  carbonate) 
pyrite/other highly-reflecting  
minerals
42.0 4.2 2.3 lamalginite 
liptodetrini te 
bi tumini te 
inertini te
c lay/silt -s ized  minerals 
pyrite/other highly-reflecting  
minerals
Dosi nan t  flu o re sce n ce  c o lo u rs Percentage 
by voltine
dull, medium orange rare















medium, dull ,  orange rare







Name Sample O il yield Gas yield Macerai/









shell and other mineralised 
fossil fragments 
clay/siIt-sized minerals 
pyri te/other highly-reflecting 
minerals
Stark Shale 12353 19.2 1.9 3.4 lamalginite
(Upper Carboniferous) liptodetrinite
(Plate 8d) bitumen + resi nite
bi tumi ni te 
inertini te
shell and other mineralised 
fossil fragments 
clay/siIt sized minerals 
pyrite/other highly-reflecting 
minerals











dull, medium orange 1
medium orange; mediim yellow rare







Uame Sample O il yield Gas yield Macerai/ Dominant fluorescence colours Percentage
(epoch) nudier litres/tom e wt.X wt.X inorganic matter by volume
Little Osage 12354 93.2 9.0 3.3 lamalginite dull, medium orange; dull, 1
Shale medium, bright yellow
(Upper Carboniferous) sporinite medium orange rare
(Plate 8a) liptodetrini te dull, medium, bright orange; 
dull, medium, bright yellow
1
bitumen + resinite bright orange, medium yellow sparse
bituminite commonly dull brown 25
inertini te 10






Maqouketa Shale 12355 trace 0.0 0.4 lamalginite medium yellow rare
(Upper Ordovician) liptodetrinite medium yellow 1
vitrinite + inertinite rare







Name Sample O il yield Gas yield Macerai/ Dominant fluorescence colours Percentage
(epoch) nurber litres/tonne ut.X ut.X inorganic matter by volume
Chattanooga Shale 12356 20.0 1.9 0.9 telalginite medium, bright yellow 1




dull, medium orange 2





key: rare<0.1% by volume, 0.1X<sparse<0.5X
Notes: -  lamalginite mostly derived from cysts of dinoflagellates/acritarchs 
-  bitumi ni te is commonly m icrinitised
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APP0OIX 1B Bituninite Reflectance Data for Bitosi tes and Related Rocks from Kansas, USA




Range in Nimber of 
readings readings
Sharon Springs Shale 12347(a) 0.19 0.16-0.25 14
(b) 0.17 0.10-0.25 31
Blue Hill Shale 12348 No measurable bituninite/vi trinite
Roca Shale 12349 No measurable bituninite/vi trinite
Hamlin Shale 12350 No measurable bituninite/vitrinite
Heebner Shale 12351 0.37 0.23-0.47 21
Eudora Shale 12352 0.40 0.32-0.46 24
Stark Shale 12353 0.38 0.30-0.45 22
Little Osage Shale 12354 0.37 0.29-0.41 24
Maquoketa Shale 12355 No measurable bituninite/vitrinite
Chattanooga Shale 12356 0.46 0.30-0.53 19
Note: Mean maxima v itr in ite  reflectance of coals in the Cherokee Grotp, which is  proximal to 
the saaple location for the L ittle  Osage Shale, ranges from about 0.60-0.70%

















15265 15 sparse 7 20
15266 10 sparse 5 15
15267 
(Plate 8g)
10 1 15 15
15268 10 sparse 5 15






















rare rare sparse 3 54
rare rare sparse 2 67
sparse rare 1 2 55
sparse rare sparse 2 67
sparse rare sparse 2 67
1 2 3 92
key: rare<0.1X by volume, 0.1X<sparse<0.5X
* -  'v it r in ite -l ik e 1 natter probably originates fran chitinozoans and graptolites
Note: -lanalginite  probably originates from acritarchs
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APP0OIX 28 Reflectance of V itrin ite -lik e  Natter and B itia in ite  for Bitosites and Related Rocks 
fra* Southampton Island, Northuest Territories, Canada
Sanple Mister V itrin ite -lik e  matter 





N n ite r of
readings
15265 0.39 0.31-0.44 8
15266 0.37 0.36-0.38 5
15267 0.38 0.34-0.41 15
15268 0.36 0.30-0.40 15









15266 0.14 0.13-0.15 10
APPENDIX 3A Voliaetric Co^osition, Dominant Liptinite Fluorescence Colours, Location and Period for Some Narine Oil Shales
O R G A N I C N A T T E R A B U N D A N C E M I N E R A L
X A B U N D A N C E
(dominant fluorescence colours) X
Deposit name Location Bitumini te+ Lamalginite Liptodet- Te la i- Bitumen* V it r i -  Faunal Highly Clay/
(s a p le  ru b e r ) (period) m icrinite rin ite ginite  resinite nite* remains re fle ct- s i l t -
X X X X X inerto- ing sized
d e tri- minerals minerals
nite
v
X X  X
Antrim Shale Michigan, 5 10 2 5 -
A
sparse - 3 75
(12304) USA (db) (mgo.dgo) (mgo.dgo) (by,my)
(Devonian)
Cements: some ILamalginite is probably derived from thin-walled prasinophytes; telalginite is derived from thick-walled prasinophytes
Plate reference: 7e, 8i
Antrim Shale Michigan, 5 1 sparse 10 - sparse - 8 75
(12306) USA (db) (by,my,dy, (my,dy,mo, (by,my,bo,
(Devonian) bo,mo,do) (do) mo)
Coments: minor amounts of lamalginite may be derived from thin-walled prasinophytes
Plate reference: 1d
Chattanooga USA 25 3 2 sparse - sparse - 12 57
Shale (12072) (Devonian) (sparse db) (my,bo,mo) (mo,do,by, (my,by)
my)
Plate reference: 8f
Chattanooga USA 10 3 8 6 - 2 rare 3 68
Shale (12307) (Devonian) (sparse db) (mo) (mgo) (by)





O R G A N I C  N A T T E R  A B U N D A
X
C E  M I N E R A L
A B U N D A N C E  
X
Deposit name Location Bituninite* Lamalginite
(sample ru b e r) (period) m icrinite
X  X
Liptodet- Te lal- Bitunen*- V it r i -  Faenal Highly Clay/
rin ite ginite resinite ni te*- remains reflect­ si I t -
X X X inerto- ing sized
d e trí- X minerals minerals
nite X X
X





Plate reference: 5h, 7h, i




Comments: sparse organic matter' of unknown
Plate reference: 5g

























sparse 4 sparse 3 68
bo) (my,by)
rare 6 69
rare rare rare 5 65
(my,by)
key: ra re O .1 l by volune, 0.1X<sparse<0.5X
y  -  yellow, o -  orange, b -  brown, g -  green 
b -  bri{#it, ■ -  mediun, d -  dull 
e.g. byg -  brij^it yellowish green
Note: much of the lamalginite probably originates from dinoflagellate and acritarch cysts.
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APPENDIX 38 B itia in ite  Reflectance Data for Some Marine O il Shales
Deposit name Saisie Mean maxiam Range in Nmfcer of
mteer bitumi ni te reflectance readings readings
Z Z
Antrim Shale 12304 0.30 0.20-0.42 25
Antrim Shale 12306 0.42 0.24-0.59 15
Chattanooga Shale 12072 0.33 0.29-0.38 16
0.47 (?vit.*) 0.40-0.52 11
Chattanooga Shale 12307 0.21 0.19-0.27 11
Paris Basin 12753 0.17 0.12-0.28 30
Paris Basin 11609 0.15 0.09-0.22 22
Paris Basin 11610 0.14 0.09-0.18 20
T v it .*  = possible v itr in ite
APPENDIX 4A Voliaetric C o^osition, Dominant Fluorescence Colours, Location and Period/Epoch for Some Tortaanites, Tasmanites, Coaly Cannels and a 
KiJcersite
O R G A N I C  N A T T E R  A B U N D A N C E  N I N E R A L N A T T E R
X A B U N D A N C E



















Vitrin ite *  Higjhly Clay 
inerto- reflect- s i l t -  
detrin ite  ing sized 





New South Wales, 
Australia 
(Permian)







Consents: 1% sporinite (mo), rare cutinite (mo) 















































Plate reference: 7a, b, c
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APPENDIX 4A continued
O R G A N C
(dominant fluorescence colours)
N A T T E R  A B U N D A N C E
X
M I N E R A L  N A T T E R  
A B U N D A N C E  
X
Deposit name Location Bituninite* Lamal- Liptodet-
(sample number) (period/epoch) mi c rin ite  ginite rin ite
X X X
Telalgin ite  Bitumen* Vi t r im  te* Highly Clay
resinite inerto- re fle ct- s i l t -
d e trin ite  ing sized
X X X  minerals minerals
X  X
Kentucky Kentucky, USA 2
tasmanite (Devonian)
(11614)
rare 1 30 rare sparse 7 60
(mgy,my) (mg,mb,my) (byg) (my)
Plate reference: 7d
Yallourn Victoria, - - 1 - rare 10 4 57
coaly camel Australia (by,my,bo, (by)
(12827) (Tertiary) mo,mb,byg, 
myg)
Comments: 25% suberinite (by, my, mo, bo, byg, myg, bb, mb), sparse cutinite (my, mo, bo, byg); 3% sporinite (by, bgy, my, bo, mo) 
Plate reference: 6a
Eucla Basin South Australia - - 5 -
coaly camel (Tertiary) (mgo,my,mb)
(12549)









O R G A N C N A T T E R  A B U N D A N C E  
X
(dominant fluorescence colours)
M I N E R A L  H A T T E R
A B U N D A N C E
X
Deposit name Location Bituninite*- Lamal- Liptodet-
(sample ramber) (period/epoch) micrinite ginite rin ite
X X X
Telalginite Bitumen*- Vitrinite* Highly Clay
resinite inerto- reflect- s i l t -
detrinite ing sized
X X X  minerals minerals
X X
Eucla Basin South Australia
coaly cannel (Tertiary)
(12550)
5 - rare 3 1 86
(my,mg,mo, (my,by,mo,
mb) mb)
Ccnments: 3% suberi nite (mb, do, by), 2% sporinite (mb, mg, myg, mo, by, bo), rare cutinite (by, mo) 
Plate reference: 6b
Estoni an Estonian SSR rare rare sparse 90 - - 1 7
kukersite (Ordovician) (byg,bg) (mg,bg) (mo,bo,bg,
(11336) mg)
Comments: lamalginite derived from acritarchs; telalginite derived from Gloeocapsomorpha; carbonate present 
Plate reference: 6i
key: ra re O .IX  by voluae, 0.1X<sparse<0.5X
y  -  yellow, o -  orange, b -  brown, g - green 
b -  brisfit, ■ -  medium, d -  dull 
e.g. byg -  brij^it yellowish green
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2 4 2
APP0OIX 48 Organic Natter Reflectance Data of Some Torbanites, Tasmanites, Coaly Camels and
KiJcersite




Middle River Seam 10365 telovitrinite 0.30 0.25-0.34
torbanite detrovi trini te 0.18 0.17-0.19
Hunter Valley torbanite 17066 telovitrinite 0.39 0.32-0.50
detrovitrinite 0.19 0.16-0.24
Alaskan tasmanites 11612 No measurable vitrinite/bituminite
11613 No measurable vitrinite/bituminite
Kentucky tasmanite 11614 bituminite 0.18 0.15-0.23
?vitrinite 0.32 0.27-0.35
Yallourn coaly cannel 12827 telovitrinite 0.20 0.13-0.29
Eucla Basin coaly 12549 telovitrinite 0.23 0.13-0.31
camels 12550 telovitrinite 0.22 0.19-0.24















APPENDIX 5 Sample Numbers, Locations and Descriptions for the Organic
Geochemical Data Base, According to Deposit Type
ORIGINAL DATA FOR RUNDLE/STUART LACOSITES AND RELATED ROCKS, QUEENSLAND
SAMPLE OTHER LOCATION (DEPTH
NUMBER REFERENCE IN METRES)
1.1A 11054 RDD66 120-122
1. IB 11054 RDD66 120-122
1.1C 11054 RDD66 120-122
1. ID 11054 RDD66 120-122
1.2 9942 RDD66 155.00-.10
1.3 9948 RDD66 241.00-.05
1.4 9950 RDD66 278.10-.16
1.5 9953 RDD66 304.80-.91
1.6 SPP2891 RDD66 330-332
1.7 9955 RDD66 338.80-.87
1.8 9956 RDD66 367.05-.10
1.9 9957 RDD66 375.25-.27
1.91 SPP2888 RDD66 324-326
2 8189 SDD1 29.7
7853 RDD34 50.2
7881 RDD34 107.9
3 8112 RDD48 207.8
8408 RDD70 241.0
8346 RDD66 279.0
4 10723 RDD79 114.0
5 15422 MINE SURFACE DUMP
6 10356 OUTCROP
7 11798 DH 117E 64-65
8.0 11056 SDD1 147.10-.28




KEROSENE CK PY DEMIN, 0 FL, A
KEROSENE CK REP OF 1.1A, A











BRICK KILN RETORTED OIL (0 BY DIFF)
TELEGRAPH CK SAMPLE MIXTURE,
BRICK KILN YELLOW FL LAM,
MUNDURAN CK PY DEMIN, A
MUNDURAN CK SAMPLE MIXTURE,
BRICK KILN ORANGE FL LAM,
MUNDURAN CK PY DEMIN, A
RAMSAY XING GREEN FL LAM, 
PY DEMIN, A
KEROSENE CK ROCK-EVAL
KEROSENE CK WEATHERED, 
PY DEMIN, A
CURLEW COAL, R-E
MUNDURAN CK PY DEMIN, A
MUNDURAN CK AS 8.0,
PY NOT DEMIN
Appendix 5 continued
DATA FROM LITERATURE FOR RUNDLE/STUART LÀCOSITES AND RELATED
ROCKS, QUEENSLAND
SAMPLE REFERENCE LOCATION, FORMATION/
NUMBER . (DEPTH IN METRES) SEAM,COMMENTS
9.0 SAXBY (1980B)
9.1A HUTTON ET AL.(1980)
9.IB HUTTON ET AL.(1980)
9.1C HUTTON ET AL.(1980)
9. ID HUTTON ET AL.(1980)
9. IE HUTTON ET AL.(1980)
9.IF HUTTON ET AL.(1980)
9.2A LINDNER (1983) AUGER SAMPLE KEROSENE CK
9.2B LINDNER (1983) RDD31 25 TELEGRAPH CK
9.2C LINDNER (1983) RDD31 110.5 MUNDURAN CK
9.2D LINDNER (1983) RDD43 80.5 HUMPY CK
9.2E LINDNER (1983) RDD31 161.0 BRICK KILN
9.2F LINDNER (1983) RDD25 111.0 BRICK KILN
9.2G LINDNER (1983) RDD41 67.5 RAMSAY CROSSING
9.2H LINDNER (1983) RDD41 85.0 ' RAMSAY CROSSING
9.21 LINDNER (1983) RDD41 99.2 RAMSAY CROSSING
9.3A CRISP ET AL.(1987) RDD77 160-162 MUNDURAN CK (O BY DIFF)
9.3B CRISP ET AL.(1987) BULK iCOMPOSITE RAMSAY CROSSING (0 BY DIFF)
9.3C CRISP ET AL.(1987) RDD77 160-162 MUNDURAN CK (0 BY DIFF)
RETORTED OIL
9.3D CRISP ET AL.(1987) BULK iCOMPOSITE RAMSAY CROSSING (0 BY DIFF)
RETORTED OIL
9.4 INGRAM ET AL. (1983) KEROSENE CK
RETORTED OIL
10.0A LINDNER (1983) SDD51 50-52 BRICK KILN
10.0B LINDNER (1983) SDD51 62-64 BRICK KILN
10.1A LINDNER (1983) SDD51 36-38 BRICK KILN
RETORTED OIL
10.IB LINDNER (1983) SDD51 50-52 BRICK KILN
RETORTED OIL
10.1C LINDNER (1983) SDD51 62-64 BRICK KILN
RETORTED OIL
10.ID LINDNER (1983) SDD51 92-94 BRICK KILN
RETORTED OIL
10.IE LINDNER (1983) SDD51 134-136 BRICK KILN
RETORTED OIL
10.2A CRISP ET AL.(1987) SDD72 40-42 KEROSENE CK (0 BY DIFF)
10.2B CRISP ET AL.(1987) SDD35 152-154 HUMPY CK (0 BY DIFF)
10.2C CRISP ET AL.(1987) SDD72 40-42 KEROSENE CK (0 BY DIFF)RETORTED OIL
10.2D CRISP ET AL.(1987) SDD35 152-154 HUMPY CK (0 BY DIFF)RETORTED OIL
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Appendix 5 continued
ORIGINAL DATA FOR LACOSITES AND RELATED ROCKS FROM ’OTHER’ QUEENSLAND 
DEPOSITS AND GREEN RIVER FORMATION (U.S.A.)
SAMPLE OTHER DEPOSIT LOCATION FORMATION/ COMMENTS
NUMBER REFERENCE DEPTH (IN METRES) SEAM
NUMBER
11.0 16600/ DUARINGA DD36 101.3-.4 PY DEMIN
14720 R-E&ELEM, A
11.1 9118 DUARINGA DD10 75.0 PY DEMIN, A




BYFIELD BYD2 167.50-.58 TV-3 PY DEMIN, A
12.1 7759 BYFIELD BYD1 235.4 TV-3
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
13 11057 CONDOR CDD1 413.00-.16 BROVN OIL PY DEMIN
SHALE R-E&ELEM, A
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
18.0 12069 GREEN RIVER COLONY MINE PARACHUTE
FORMATION SPOT SAMPLE 
PICEANCE CK
CREEK
18.1 9679 GRF BF1 295.8-.9 LANEY
SHALE
R-E





DATA FROM LITERATURE FOR LACOSITES AND RELATED ROCKS FROM 'OTHER' 
QUEENSLAND DEPOSITS
Appendix 5 continued
SAMPLE REFERENCE DEPOSIT LOCATION, FORMATION/NUMBER DEPTH (IN METRES) SEAM,COMMENTS14.OA LINDNER (1983) DUARINGA DD10 66-6814.OB LINDNER (1983) DUARINGA DD10 66-6814.OC LINDNER (1983) DUARINGA DD10 74-7614.OD LINDNER (1983) DUARINGA DD10 74-7614.OE LINDNER (1983) DUARINGA DD52 92-9414.OF LINDNER (1983) DUARINGA DD52 92-9414.OG LINDNER (1983) DUARINGA DD6 247.414.1A ; LINDNER (1983) DUARINGA AVERAGE FOR 27 RETORTED OILS14.IB LINDNER (1983) DUARINGA DDH10 66-68 RET OIL14.1C LINDNER (1983) DUARINGA DDH10 74-76 RET OIL14.ID LINDNER (1983) DUARINGA DDH52 92-94 RET OIL14.2A CRISP ET AL.(1987)DUARINGA GSQ3-5RD 95-97 UPPER UNIT(0 BY DIFF)14.2B CRISP ET AL.(1987)DUARINGA GSQ1-2R 920-922 LOWER UNIT(0 BY DIFF)14.2C CRISP ET AL.(1987)DUARINGA GSQ3-5RD 95-97 UPPER UNIT(0 BY DIFF)RET OIL14.2D CRISP ET AL.(1987)DUARINGA GSQ1-2R 920-922 LOWER UNIT(0 BY DIFF)RET OILxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx15.0A LINDNER (1983) BYFIELD BYD1 68-70 TV-415.OB LINDNER (1983) BYFIELD BYD1 84-86 TV-415.OC LINDNER (1983) BYFIELD BYD1 84-86 TW-415.OD LINDNER (1983) BYFIELD BYD1 224-226 TW-415.OE LINDNER (1983) BYFIELD BYD1 290-292 TW-215.1A LINDNER (1983) BYFIELD BYD1 84-86 TW-4RET OIL15.IB LINDNER (1983) BYFIELD BYD1 290-292 TW-2RET OIL15.2A CRISP ET AL.(1987)BYFIELD BYD1 295.7-.8 TW-2 (0 BY DIFF)15.2B CRISP ET AL.(1987)BYFIELD BYD1 295.7-.8 TW-2 (0 BY DIFF)RET OILxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx16.0A LINDNER (1983) CONDOR AUGER SAMPLE BROWN OILSHALE16.OB LINDNER (1983) CONDOR CDD1 380.1 B.O.S.16.OC LINDNER (1983) CONDOR CDD6 352-354 B.O.S.16.OD LINDNER (1983) CONDOR CDD11 106-108 B.O.S.16.OE LINDNER (1983) CONDOR CDD11 68-70 B.O.S.16.OF LINDNER (1983) CONDOR CDD26 308-310 CARBONACEOUS16.1A LINDNER (1983) CONDOR CDD6,8,10 B.O.S.
16.IB LINDNER (1983) CONDOR
16.1C LINDNER (1983) CONDOR
16.2A CRISP ET AL.(1987)CONDOR
16.2B CRISP ET AL.(1987)CONDOR
17 NUTTALL ET AL. (1983) CONDOR
17.IB CRISP ET AL.(1987)LOWMEAD
17.2A CRISP ET AL.(1987)NAGOORIN
17.2B CRISP ET AL.(1987)NAGOORIN
17.2C CRISP ET AL.(1987)NAGOORIN
17.2D CRISP ET AL.(1987)NAGOORIN
AVERAGE OF 18 
RETORTED OILS 
CDD10A,11,26 BROWN BLACK 
SHALE, AVERG 
FOR 3 RET 
OILS
CDD11,26 CARBONACEOUS, 
AVERG FOR 3 
RET OILS
CDD112 54-56 B.O.S.(0 BY DIFF)
CDD112 54-56 B.O.S.(0 BY DIFF)
RET OIL
R-E
LDD 66-■70 KORENAN (0 BY DIFF) 
RET OIL
NSD 23 42-46 UNIT H (0 BY DIFF)
NDD 4B 356-362 UNIT C (0 BY DIFF)
NSD 23 42-46 UNIT H (0 BY DIFF) 
RET OIL




DATA FROM LITERATURE FOR GREEN RIVER FORMATION (U.S.A.)
LACOSITES AND RELATED ROCKS
SAMPLE
NUMBER
REFERENCE BASIN/MEMBER/ COMMENTS 
MEMBER
19.OA TISSOT AND WELTE (1978) PICEANCE CREEK
19.OB TISSOT AND WELTE (1978) UINTA
19.0C TISSOT AND WELTE (1978) UINTA
19.OD TISSOT AND WELTE (1978) UINTA
19.OE TISSOT AND WELTE (1978) UINTA
19.OF TISSOT AND WELTE (1978) UINTA
19.0G TISSOT AND WELTE (1978) UINTA
19.OH TISSOT AND WELTE (1978) UINTA
19.01 TISSOT AND WELTE (1978) UINTA
19.OJ TISSOT AND WELTE (1978) UINTA
19.OK TISSOT AND WELTE (1978) UINTA
19.0L TISSOT AND WELTE (1978) UINTA
19. OM TISSOT AND WELTE (1978) UINTA
19.ON TISSOT AND WELTE (1978) UINTA
19.00 TISSOT AND WELTE (1978) UINTA
19.OP TISSOT AND WELTE (1978) UINTA
19.0Q TISSOT AND WELTE (1978) UINTA
19.OR TISSOT AND WELTE (1978) UINTA
19.OS TISSOT AND WELTE (1978) UINTA
19.OT TISSOT AND WELTE (1978) UINTA
19.0U TISSOT AND WELTE (1978) UINTA
19.0V TISSOT AND WELTE (1978) UINTA
19.0W TISSOT AND WELTE (1978) UINTA
19.OX TISSOT AND WELTE (1978) UINTA
19.0Y TISSOT AND WELTE (1978) PICEANCE CREEK
19.0Z TISSOT AND WELTE (1978) PICEANCE CREEK
19.0AA TISSOT AND WELTE (1978) PICEANCE CREEK
19.1A TISSOT ET AL. (1978) UINTA
19.IB TISSOT ET AL. (1978) UINTA
19.1C TISSOT ET AL. (1978) UINTA
19.ID TISSOT ET AL. (1978) UINTA
19.IE TISSOT ET AL. (1978) UINTA
19.IF TISSOT ET AL. (1978) UINTA
19.1G TISSOT ET AL. (1978) UINTA
19.1H TISSOT ET AL. (1978) UINTA
19.11 TISSOT ET AL. (1978) UINTA
19.1J TISSOT ET AL. (1978) UINTA
19.IK TISSOT ET AL. (1978) UINTA
19.1L TISSOT ET AL. (1978) UINTA
19.1M TISSOT ET AL. (1978) UINTA
19.IN TISSOT ET AL. (1978) UINTA
19.10 TISSOT ET AL. (1978) UINTA
19.IP TISSOT ET AL. (1978) UINTA
19.2A SOLASH ET AL. (1983) PARACHUTE CKf PICEANCE CK
19.2B SOLASH ET AL. (1983) PARACHUTE CK, PICEANCE CK
19.3A SAXBY (1980A) PICEANCE CK
19.3B SAXBY (1980B)
19.4 TISSOT AND VANDENBROUCKE (1983) R-E
19.5 NUTTALL ET AL. (1983) UINTA R-E
19.6 MUKHOPADHYAY ET AL.(1985) PICEANCE CK R-E
19.7 MCKIRDY ET AL. (1980) PICEANCE CK
19.8 HUTTON ET AL. (1980)
19.9A DURAND AND NICAISE (1980)
19.9B DURAND AND NICAISE (1980)
19.9C DURAND AND NICAISE (1980)
19.9D DURAND AND NICAISE (1980)
19.9E DURAND AND NICAISE (1980)
19.9F CRISP ET AL. (1987) PARACHUTE CK, PICEANCE CK 
COLONY MINE SPOT SAMPLE
19.9G CRISP ET AL. (1987) PARACHUTE CK, PICEANCE CK
COLONY MINE SPOT SAMPLE
0 BY DIFF
0 BY DIFF 
RET OIL
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ORIGINAL DATA FOR LACOSITES AND RELATED ROCKS FROM THAILAND 
SAMPLE OTHER LOCATION, DEPTH BASIN, SEQUENCE COMMENTS
Appendix 5 continued
NUMBER REFERENCE (IN METRES)
20.0
NUMBER
11269 PIT202 0.00-0.35 MAE SOT, UPPER PY DEMIN
20.IA 12564 PIT203 8.399-.431 MAE SOT, UPPER
R-E&ELEM, A 
R-E&ELEM
20.IB 12564 PIT203 8.399-.431 MAE SOT, UPPER DUP
20.2 11272 SPOT SAMPLE MAE SOT, UPPER R-E
20.3 12552 TRENCH101 0.364-.384 MAE SOT, LOWER R-E&ELEM
20.4 12553 TRENCH101 1.514—.529 MAE SOT, LOWER R-E
21 12070 SPOT SAMPLE MAE SOT, BAN PHA R-E&ELEM
LAT SUBBASIN
XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX
22 15417 SPOT SAMPLE BAN PA KA LI R-E&ELEM
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx




15418 SPOT SAMPLE BAN NA HONG




DATA FROM LITERATURE FOR MISCELLANEOUS LACOSITES AND RELATED ROCKS
SAMPLE DEPOSIT, COUNTRY 
NUMBER
26.1A MESSEL SHALE, W. GERMANY 
26.IB MESSEL SHALE, W. GERMANY
26.2 MESSEL SHALE, V. GERMANY
26.3 MESSEL SHALE, W. GERMANY
26.4 MESSEL SHALE, W. GERMANY











TISSOT AND VANDENBROUCKE (1983) 
TISSOT AND VANDENBROUCKE (1983) 
MUKHOPADHYAY ET AL. (1985) R-E
DURAND AND NICAISE (1980)
TISSOT AND WELTE (1978)
TISSOT AND WELTE (1978)
NUTTAL ET AL. (1983) R-E
NUTTAL ET AL. (1983) R-E
NUTTAL ET AL. (1983) R-E
NUTTAL ET AL. (1983) R-E
NUTTAL ET AL. (1983) R-E





ORIGINAL DATA FOR TORBANITES, TASMANITES, BITOSITES AND RELATED ROCKS




34.OA 11055 JOADJA, N.S.W. PY DEMIN, A
34.OB 11055 JOADJA, N.S.W. REPLICATE OF 34.0A, A
34.OC 11055 JOADJA, N.S.W. REP, PY NOT DEMIN, A
34.OD 11055 JOADJA, N.S.W. REP, PY NOT DEMIN
34.1 15421 JOADJA, N.S.W. R-E
34.2 15421 JOADJA, N.S.W. RETORTED OIL
35.0 10977-10978 MIDDLE RIVER SEAM, N.S.W. WEATH SAMP MIXTURE
35.1 15423 MIDDLE RIVER SEAM, N.S.W. ROCK-EVAL





BITOSITES AND RELATED ROCKS
49.0 6726 TOOLEBUC FORMATION, QLD., 
JULIA CREEK DRILLHOLE
A
49.1 16105 TF CUTTINGS, 1428M 
QUEENSLAND
R-E





DATA FROM LITERATURE FOR TORBANITES, TASMANITES AND RELATED ROCKS
SAMPLE DEPOSIT,STATE/ REFERENCE COMMENTS
NUMBER COUNTRY
TORBANITES
37.0 JOADJA, NSW 
37.1A JOADJA, NSW 
37.IB JOADJA, NSW
MCKIRDY ET AL. (1980) 
CRISP ET AL. (1987) 
CRISP ET AL. (1987)
0 BY DIFF 
0 BY DIFF 
RET OIL
38 NEWNES, NSW MCKIRDY ET AL. (1980)
39.0 GLEN DAVIS, NSW SAXBY (1980B)
39.1 GLEN DAVIS, NSW TISSOT AND WELTE (1978)
39.2A GLEN DAVIS, NSW CRISP ET AL. (1987) O BY DIFF
39.2B GLEN DAVIS, NSW CRISP ET AL. (1987) O BY DIFF
RET OIL
40.0 SYDNEY BASIN, NSW
40.1 SYDNEY BASIN, NSW




HUTTON ET AL. (1980) 
HUTTON ET AL. (1980) 
CRISP ET AL. (1987) 
CRISP ET AL. (1987)
O BY DIFF 
O BY DIFF 
RET OIL
41.0 AUSTRALIA TISSOT AND VANDENBROUCKE (1983)
41.1 AUSTRALIA DURAND AND NICAISE (1980)
42.0 SCOTLAND TISSOT AND WELTE (1978)
42.1 SCOTLAND TISSOT AND VANDENBROUCKE (1983)
42.2 SCOTLAND MUKHOPADHYAY ET AL. (1985)
43.0 AUTUN, FRANCE TISSOT AND WELTE (1978)
43.1 AUTUN, FRANCE TISSOT AND WELTE (1978)
43.2 AUTUN, FRANCE TISSOT AHD VANDENBROUCKE (1983)
43.3 AUTUN, FRANCE TISSOT AND VANDENBROUCKE (1983)
43.4 AUTUN, FRANCE TISSOT AND VANDENBROUCKE (1983)
43.5 AUTUN, FRANCE TISSOT AND VANDENBROUCKE (1983)
44 ERMELO, SOUTH AFRICA SAXBY (1980A)
45.0 MOSCOW, USSR TISSOT AND VANDENBROUCKE (1983)




47.0 MERSEY RIVER, TAS
47.1 MERSEY RIVER, TAS
47.2 MERSEY RIVER, TAS
47.3 MERSEY RIVER, TAS
47.4 MERSEY RIVER, TAS
47.5A MERSEY RIVER, TAS
47.5B MERSEY RIVER, TAS
SAXBY (1980B)
TISSOT AND VANDENBROUCKE (1983) 
TISSOT AND WELTE (1978)
TISSOT AND WELTE (1978)
HUTTON ET AL. (1980)
CRISP ET AL. (1987)
CRISP ET AL. (1987)
O BY DIFF 




TISSOT AND WELTE (1978) 
LEYTHAEUSER ET AL. (1980) R-E
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Appendix 5 continued




















TF, BURKETOWN DH 
TF, DOBBYN DH 
TF, MAYNESIDE DH 
TF, JULIA CK DH 
TF, JULIA CK WEATHERED 
TF, JULIA CK 
TF, JULIA CK 
TF, JULIA CK 




RILEY AND SAXBY 
RILEY AND SAXBY 
RILEY AND SAXBY 
RILEY AND SAXBY 
RILEY AND SAXBY 
SAXBY (1980B)
HUTTON ET AL. (1980) 




(1982) 0 BY DIFF
(1982) 0 BY DIFF
(1982) 0 BY DIFF
(1982) 0 BY DIFF
(1982) 0 BY DIFF









(1987) 0 BY DIFF
(1987) 0 BY DIFF
RET OIL
(1987) 0 BY DIFF





























































































TISSOT ET AL. 
TISSOT ET AL. 


























0 BY DIFF 
O BY DIFF 
RET OIL
OUTCROP SAMP
52.3A TOARCIAN, PARIS BASIN COMBAZ (1975)
52.3B TOARCIAN, PARIS BASIN COMBAZ (1975)
52.3C TOARCIAN, PARIS BASIN COMBAZ (1975)
52.3D TOARCIAN, PARIS BASIN COMBAZ (1975)
52.3E TOARCIAN, PARIS BASIN COMBAZ (1975)
52.3F TOARCIAN, PARIS BASIN COMBAZ (1975)
52.4A TOARCIAN, CREVENAY TISSOT AND WELTE (1978)
FRANCE
52.4B TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4C TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4D TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4E TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4F TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4G TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4H TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.41 TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4J TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4K TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4L TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4M TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.4N TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)
52.40 TOARCIAN, PARIS BASIN TISSOT AND WELTE (1978)







MUKHOPADHYAY ET AL. R-E
(1985)












54.0 IRATI FORMATION, BRAZIL TISSOT AND WELTE (1978)
54.1 IRATI FORMATION, BRAZIL LEYTHAEUSER ET AL.(1980) R-E
54.2 IRATI FORMATION, BRAZIL TISSOT AND VANDENBROUCKE
. (1983)
54.3A IRATI FORMATION, BRAZIL CRISP ET AL. (1987) 0 BY DIFF
54.3B IRATI FORMATION, BRAZIL CRISP ET AL. (1987) 0 BY DIFF 
RET OIL
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
55.0 OHIO SHALE, USA BREGER ET AL. (1983)
55.1 OHIO SHALE, USA BREGER ET AL. (1983)
55.2A OHIO SHALE, KENTUCKY CRISP ET AL. (1987) 0 BY DIFF
55.2B OHIO SHALE, KENTUCKY CRISP ET AL. (1987) 0 BY DIFF 
RET OIL
55.3A SUNBURY SHALE, KENTUCKY CRISP ET AL. (1987) 0 BY DIFF
55.3B SUNBURY SHALE, KENTUCKY CRISP ET AL. (1987) 0 BY DIFF 
RET OIL
NORTH SEA GORMLY AND R-E
MUKHOPADHYAY (1983) •
NORTH SEA GORMLY AND R-E.
MUKHOPADHYAY (1983)
SCOTLAND LEYTHAEUSER ET AL.(1980) R-E
SCOTLAND LEYTHAEUSER ET AL.(1980) R-E
SCOTLAND LEYTHAEUSER ET AL.(1980) R-E
ORIGINAL DATA FOR KUKERSITE, CANNELS AND BITUMENS
SAMPLE OTHER BASIN, TYPE, STATE/COUNTRY COMMMENTS
NUMBER REFERENCE 
NUMBER
56 11336 KUKERSITE, ESTONIAN SSR R-E&ELEM,
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
58 12549 EUCLA BASIN CANNEL, SA R-E&ELEM
59 11264 BAN PA KA LI BASIN CANNEL, THAILAND R-E&ELEM
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
60 11261 MAE TEEP BASIN CANNEL , THAILAND R-E
61.0 14804 YALLOURN CANNEL, VICTORIA R-E
61.1 17484 YALLOURN CANNEL, VICTORIA R"E
62 15822 FANG BASIN CANNEL, THAILAND R-Exxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
64 9880 GILSONITE FROM TERTIARY SECTION IN UTAH, USA
65 9883 EPIIMPSONITE FROM JURASSIC SECTION IN ABU DHABI
(SARB 5 WELL- 3130 M)





DATA FROM LITERATURE FOR KUKERSITE, CANNNELS, HIGHER PLANT LIPTINITE 
AND BITUMEN









SSR TISSOT AND VANDENBROUCKE (1983)
SSR TISSOT AND VANDENBROUCKE (1983)
SSR TISSOT AND WELTE (1978)
SSR TISSOT AND WELTE (1978)
SSR HUTTON ET AL. (1980)
SSR DURAND AND NICAISE (1980)xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx






63.0 SPORINITE CONCENTRATE 
(90%) FROM A BITUMIN­
OUS COAL, INDIANA
WINANS: ET AL. (1984)
63.1A MT COOLON CANNEL,QLD CRISP ET AL. (1987) 0 BY DIFF




63.2A NAGOORIN CANNEL,QLD CRISP ET AL. (1987) 0 BY DIFF














DATA FROM LITERATURE FOR HOLOCENE AND MISCELLANEOUS ORGANIC MATTER
69.0 BLUE GREEN ALGAE PHILP (1976)
69.1 BLUE GREEN ALGAE PHILP (1976)
69.2 BLUE GREEN ALGAE PHILP (1976)
69.3 BLUE GREEN ALGAE PHILP (1976)
69.4A COORONGITE, S.A. CRISP ET AL. (1987)
69.4B COORONGITE, S.A. CRISP ET AL. (1987)
70.0 PHOTOSYNTHETIC BACTERIA PHILP (1976)
70.1 SULPHUR BACTERIA PHILP (1976)
71.0 WAXES (IN GENERAL) SAXBY (1980B)
71.1 FATS (IN GENERAL) SAXBY (1980B)
71.2 BACTERIA (IN GENERAL) SAXBY (1980B)
71.3 PROTEINS (IN GENERAL) SAXBY (1980B) *
71.4 CELLULOSE(IN GENERAL) SAXBY (1980B)
71.5 LIGNIN (IN GENERAL) SAXBY (1980B)
71.6 HUMIC ACIDS SAXBY (1980B)
(IN GENERAL)
71.7 WOOD (IN GENERAL) SAXBY (1980B)
72.0 CARBOHYDRATES HUNT (1979)
(IN GENERAL)
72.1 LIGNIN (IN GENERAL) HUNT (1979)
72.2 PROTEINS (IN GENERAL) HUNT (1979)
72.3 LIPIDS (IN GENERAL) HUNT (1979)
72.4 PETROLEUM (IN HUNT (1979)
GENERAL)
73.0 MINNESOTA PEAT, COM- COHEN AND ANDREJKO (1984)
PRISING MAINLY PEAT 
MOSS REMAINS
73.1 MAINE PEAT COMPRIS- COHEN AND ANDREJKO (1984)
ING MAINLY ALGAL 
REMAINS
73.2 NORTH CAROLINA PEAT COHEN AND ANDREJKO (1984)
COMPRISING MAINLY BAY- 
TREE AND GUMTREE REMAINS
73.3 GEORGIA PEAT COM- COHEN AND ANDREJKO (1984)
PRISING MAINLY WATER 
LILY REMAINS
KEY: CK- CREEK, PY DEMIN- PYRITE DEMINERALIZED, 0- ORANGE,
FL- FLUORESCING, A- ELEMENTAL ANALYSIS DONE BY AMDEL, REP- REPLICATE, 
LAM- LAMALGINITE, R-E- ROCK-EVAL, XING- CROSSING, 0 BY DIFF- OXYGEN 
DETERMINED BY DIFFERENCE, ELEM- ELEMENTAL, GRF- GREEN RIVER FORMATION, 
RET- RETORT, BOS- BROWN OIL SHALE, AVERG- AVERAGE, DUP- DUPLICATE, 
WEATH- WEATHERED, SAMP- SAMPLE, TF- TOOLEBUC FORMATION,
NOTE: SAMPLE NUMBERS CONTAINING ‘A* AND CONSECUTIVE LETTERS ARE
REPRESENTED BY '0' AND CONSECUTIVE NUMBERS IN TABLES OF DATA 
(E.G. 1.1A = 1.10, 1.1B = 1.11 AND WHERE MORE THAN TEN LETTERS:
19.0A = 19.001, 19.0AA = 19.027)
Appendix 5 continued
0 BY DIFF 0 BY DIFF RET OIL
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APPENDIX 6.0 Normal Probability Plots and Histograms of Frequency
Distributions for Elemental Atomic Percentage Variates of 
the 'Total' Data Set ('CHONS')
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Appendix 6.0 continued 2 5 7
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APPENDIX 6.1 Normal Probability Plots and Histograms of Frequency
Distributions for Elemental Atomic Percentage Variates of 
the Petrographically Controlled Data Set ('CHONSPET')
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Appendix 6.1 continued
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CORRELATION OF OAT*/' AND 0127 993
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C107 expected normal scores (see Chapter 8 and Minltab, 1983)
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APPENDIX 6.2 Normal Probability Plots and Histograms of Frequency
Distributions for Elemental Atomic Percentage Variates of 
the Data Set of Retort Oils ('CHONSOILS')
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APPENDIX 6.3 Normal Probability Plots and Histograms of Frequency
Distributions for Log-centred Transforms of the Elemental 
Atomic Percentage Variates for the 'Total' Data Set 
('CHONS')
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APPENDIX 6.4 Normal Probability Plots and Histograms of Frequency
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APPENDIX 7.0 Bivariate Plots of Elemental Atomic Percentage Variates for 
the 'Total' Data Set ('CHONS')
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APPENDIX 7.1 Bivariate Plots of Elemental Atomic Percentage Variates for 
the Petrographically Controlled Data Set ('CHONSPET')
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APPENDIX 7.2 Bivariate Plots of Elemental Atomic Percentage 
the Data Set of Retort Oils ('CHONSOILS')
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Appendix 7.2 continued
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Note: only correlations significant at p-0.0 5 given
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APPENDIX 7.3 Bivariate Plots of Log-centred Transforms of Elemental 
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APPENDIX 7.4 Bivariate Plots of Variates for the Total Pyrolysis Data 
Set ('PYROL')
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Appendix 7.4 continued
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APPENDIX 8 Elemental Atomic Percentage Data and Their Log-centred
Transforms for the 'Total' Data Set ('CHONS')
5AM CAT* LCCAT* HAT* LCHAT* OAT* LCOAT* NAT* LCNAT* 3AT* LC3AT*
1.120 33.8 0.77104 57. 5 1.00179 7. 2 0.09946 1. 1 -0.71648 0.4 -1.15531
1.200 36. 9 1.17387 56. 3 1.36235 6. 0 0.33999 0. 7 -0.54306 0. 0 -2.33316
1.300 36. 5 0.79026 57. 3 0.98612 4.5 -0.11332 0. 7 -0.92693 1 . 1 -0.73064
1.400 36. 7 1.19939 53. 0 1.39315 4.5 0.23793 0. 7 -0.52013 0.0 -2.36523
1.500 39.4 0.76929 52.0 0.33979 6.6 -0.00660 1.0 -0.32621 1.0 -0.32621
1.600 35. 5 0.67323 55. 1 0.36915 6. 1 -0.08667 0. 3 -0.96891 2.4 -0.49179
1.700 37.9 0.32446 55.6 0.99090 5.0 -0.05520 0.3 -0.85108 0.7 -0.90903
1.300 33. a 0.73320 52. 2 0.86704 6. 7 -0.02456 1.2 -0.77145 1. 1 -0.30924
1.900 34.7 0.73355 56. 2 0.94296 7.2 0.05055 0. 7 -0.96168 1. 1 -0.76539
1.910 36. 1 1.56504 63. 5 1.81031 0.0 -1.99247 0. 4 -0.39041 0. 1 -0.99247
2.000 35. 5 0.93097 53.6 1.14864 5.0 0.07971 0. 6 -0.34110 0.2 -1.31823
3. 000 35. 9 0.91859 57. 0 1.11937 6. 2 0.15538 0. 6 -0.85836 0. 2 -1.33543
4.000 36.8 0.36651 56.4 1.05194 5.6 0.04885 0.9 -0.74509 0. 3 -1.22221
6.000 37. 1 0.37120 53. 3 1.02355 3. 7 0.24134 0. 6 -0.92003 0.3 -1.22106
â. 000 35.9 0.32637 57. 5 1.03145 5.3 -0.00394 0.8 -0.82513 0. 5 -1.02925
3. 100 33.0 0.33569 56. 5 1.05796 4.3 -0.06062 0. 8 -0.79100 0. 4 -1.09203
9.000 37. 5 0.39392 57.2 1.08223 4. 1 -0.06233 0. 9 -0.72037 0.3 -1.19799
9. 200 33.4 0.92317 55. 2 1.03078 5. 3 0.06311 0. 9 -0.70692 0. 2 -1.36013
9. 210 35.4 0.36225 53. 1 1.07743 5. 5 0.05361 0.6 -0.90860 0.4 -1.03469
9. 220 33.4 0.86543 53.4 1.00364 7. 1 0.13236 0. 9 -0.76466 0.3 -1.24178
9. 230 44.6 0.32731 40.0 0.78053 13. 3 0.30232 1.3 -0.56626 0.3 -1.34441
9. 240 37.3 0.92492 55. 7 1.09323 5.3 0.11085 0. 5 -0.95360 0.3 -1.17545
9. 250 37. 5 0.39392 57. 2 1.03223 4. 1 -0.06233 0.9 -0.72087 0.3 -1.19799
9. 260 36. 8 0.93974 53. 3 1.19327 3. 9 0.01496 0. 3 -1.09899 0. 3 -1.09899
9. 270 36.6 1.00911 59.4 1.21942 3.4 -0.02239 0. 4 -0.95231 0.2 -1.25334
9. 280 37. 9 0.97703 57. 4 1.15735 3.9 -0.01049 0. 6 -0.32341 0.2 -1.30053
9. 300 36. 9 0.93172 57.3 1.12662 4.4 0.00815 0. 8 -0.73222 0.2 -1.33428
9. 310 36. 1 1.00424 53. 6 1.21463 4.6 0.10950 0.6 -0.77511 0. 1 -1.55326
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Appendix 8 continued
9.320 31.5 0.98130 57.6 1.24341
9. 330 34.9 1.03630 60. 7 1.27716
9. ¿00 36.3 1.16876 62.2 1.40264
10.000 36.9 1.20507 58. 1 1.40222
10.010 38.2 1.00897 54. 1 1.16010
10.100 36.8 1.33759 62. 7 1.56901
10.110 35. 7 1.52563 63.7 1.77715
10.120 35. 2 1.25989 64. 2 1.52083
10.130 36. 0 1.30414 63. 3 1.54924
10.140 36. 7 1.37187 62. 7 1.60447
10.200 36. 2 0.94536 59.0 1.15750
10.210 43.4 0.88430 45. 0 0.90052
10.220 35.4 1.17549 63. 1 1.42652
10.230 37. 3 1.04237 60: 6 1.25363
11.000 36.3 0.38659 56. 5 1.07873
11.100 35. 4 0.97672 53.0 1.19114
11.200 37.5 0.88297 53. 5 1.03730
12.000 39. 6 0.83653 51. 1 0.94726
12.100 39.6 1.19463 54.5 1.33333
13.000 39.5 0.87530 55.3 1.02143
14.000 36.4 0.89957 57.4 1.09738
14.010 36.6 0.79293 55.3 0.97218
14.020 36.4 0.92770 57. 0 1.12247
14.030 35.9 0.34633 58. 0 1.05466
14.040 37.4 0.93638 55.6 1.10858
14.050 37.4 0.73206 53.9 0.89078
14.060 33.0 1.03376 57. 7 1.21515
14.100 36.3 1.16607 61.6 1.38980
14.110 38.0 1.22717 61.0 1.43272
14.120 36. 8 1.25296 62. 3 1.48160
14.130 38.7 1.27874 60. 4 1.47207
14.200 37. 0 0.93096 57.0 1.11863
14.210 41.1 0.36501 50.0 0.95013
14.220 35. 7 1.06214 61. 1 1.29551
14.230 37. 1 1.14894 60.9 1.36418
15.000 42. 6 0.94244 44.0 0.95649
15.010 43.7 0.89783 43. 6 0.89683
15.020 30. 5 0.85166 59. 6 1.14261
15.030 38. 6 0.89244 55. 5 1.05014
15.040 37. 2 0.83975 56. 1 1.01817
15.100 38.0 1.13276 59.5 1.32749
15.110 37. 2 1.20295 61.7 1.42270
15.200 40. 2 0.89695 54. 0 1.02512
15.210 37. 3 1.06072 60.4 1.26427
16.000 39.8 0.39022 55. 5 1.03463
16.010 38.5 0.98391 56. 5 1.15050
16.020 39.4 0.82637 54.9 0.97045
16.030 39. 2 0.77160 52. 5 0.89848
16.040 41.8 0.72669 48.3 0.78946
16.050 46. 6 0.89195 43.7 0.86404
16.100 36.9 1.24381 62. 2 1.47057
16.110 3 8 . 0 1.17683 60. 5 1.37881
16.120 39. 2 1.11481 58.3 1.28719
16.200 39. 2 1.02082 56.3 1.17805
16.210 35. 1 1.00698 59. 6 1.23692
17.100 39. 0 0.96731 53. 5 1.10460
10.6 0.50829 0.2 -1.21598 0. 1 -1.51701
4.0 0.09603 0.4 -0.90397 0. 1 -1.50603
0.3 -0.43806 0.5 -0.69213 0. 1 -1.39115
4.3 0.27151 0. 7 -0.51636 0.0 -2.36195
7. 1 0.27316 0.5 -0.37413 0. 1 -1.57310
0. 2 -0.92722 0. 3 -0.75113 0. 1 -1.22825
0.2 -0.72596 0.3 -0.54987 0.0 -2.02699
0.3 -0.80953 0.4 -0.68459 0. 1 -1.28665
0.2 -0.95113 0. 4 -0.65010 0. 1 -1.25216
0. 1 -1.19280 0.4 -0.59074 0. 1 -1.19280
3.9 -0.02229 0.7 -0.76825 0. 2 -1.31232
9. 9 0.24294 1.5 -0.57660 0.2 -1.45166
l. 1 -0.33212 0.3 -0.89639 0. 1 -1.37351
1.3 -0.41490 0. 5 -0.32987 0.3 -1.05172
6.3 0.12603 0.6 -0.89516 0. 3 -1.19619
5.9 0.19857 0. 6 -0.79414 0. 1 -1.57229
7.9 0.20657 0.9 -0.73681 0.2 -1.39003
7.9 0.13647 1.0 -0.76116 0. 4 -1.15910
4.3 0.27817 1.0 -0.40307 0.0 -2.40307
3. 7 -0.15310 1.0 -0.72130 0.5 -1.02233
5. 4 0.07086 0. 6 -0.88338 0.3 -1.18441
6. 4 0.03563 0. 5 -1.07158 1. 1 -0.72916
5.9 0.13745 0.4 -1.03134 0.3 -1.15628
4.3 -0.02753 0. 5 -1.00980 0. 7 -0.36367
6. 1 0.14884 0.6 -0.85834 0. 2 -1.33546
6. 2 -0.04842 0.8 -0.93772 1.6 -0.63669
3.5 -0.00196 0.7 -0.70093 0. 1 -1.54603
1. 1 -0.35838 0. 4 -0.79772 0. 1 -1.39978
0.5 -0.65364 0.5 -0.65364 0. 1 -1.35261
0.4 -0.71083 0. 4 -0.71083 0. 1 -1.31289
0.5 -0.61000 0. 3 -0.83185 0. 1 -1.30897
5.2 0.07876 0. 7 -0.79214 0. 2 -1.33621
7.5 0.12623 1.2 -0.66965 0.3 -1.27171
2. 6 -0.07556 0. 5 -0.79156 0. 1 -1.49053
1.4 -0.27431 0.4 -0.81838 0. 1 -1.42044
12. 1 0.39582 1.2 -0.60778 0. 1 -1.68697
11.3 0.31043 1.2 -0.66347 0.2 -1.44162
8. 9 0.31675 0. 9 -0.67339 0. 1 -1.63264
4.6 -0.03139 1.0 • -0.69415 0.3 -1.21703
5. 4 0.00160 1.0 -0.73079 0.4 -1.12873
1.9 -0.16827 0. 4 -0.84496 0. 1 -1.44702
0. 6 -0.58944 ' 0. 5 -0.66862 0. 1 -1.36759
4.4 -0.06382 1.2 -0.62809 0.3 -1.23015
0. 7 -0.67167 0. 6 -0.73862 0. 4 -0.91471
3.2 -0.20451 1.0 -0.70966 0.5 -1.01069
3. 6 -0.04525 1.3 -0.48761 0. 1 -1.60155
4.0 -0.16706 0. 9 -0.81438 0. 9 -0.81488
6. 3 -0.02234 0.9 -0.86744 1. 1 -0.78029
7.0 -0.04939 1.4 -0.74836 1.5 -0.71840
7.8 0.11565 1.6 -0.57232 0. 3 -1.29932
0. 3 -0.84610 0. 6 -0.54507 0. 1 -1.32322
0. 9 -0.44871 0. 5 -0.70398 0. 1 -1.40295
1.8 -0.22320 0 . 6 -0.70032 0. 1 -1.47848
3. 3 -0.05395 1.0 -0.57246 0. 1 -1.57246
4. 7 0.13377 0. 5 -0.83935 0. 1 -1.53832
6. 3 0.17559 1 .0 -0.62375 0. 1 - 1. 62 37 5
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17.110 36.2 1.04316 59. 7 1.26043 3. 5 0.02352 0. 5 -0.81657 0. 1 -1.51554
17.200 33. 1 0.91691 55. 4 1.07950 5. 5 0.07635 0. 9 -0.70977 0. 2 -1.36298
17.210 42.3 0.85613 <»9. 1 0.92087 6. 7 0.05586 1.7 -0.53976 0.3 -1.29309
17.220 37. 1 1.23696 61.9 1.45927 0. 4 -0.73036 0. 5 -0.63345 0. 1 -1.33242
17.230 44.9 1.13761 52. 1 1.20220 2.0 -0.21361 0.8 -0.61155 0. 1 - 1.514o4
17.300 36. 3 1.01174 53. 9 1.21601 3.4 -0.02263 0. 8 -0.65102 0. 1 -1.55411
17.310 36. 1 1.03732 ol . 4 1.26798 1.8 -0.26492 0. 5 -0.82122 0. 2 -1.21916
IS.000 36.9 0.86354 59. 0 1.06737 2.4 -0.32327 0. 9 -0.74924 0. 7 -0.85839
19.000 37.4 0.95429 58. 1 1.14559 3.8 -0.03880 0. 3 -1. 14146 0. 5 -0.91961
19.001 39. 0 0.83692 55. 6 0.99093 3.2 -0.24899 1.7 -0.52369 0. 5 -1.05517
19.002 42.4 0.92392 53.7 1.02653 1.7 -0.47299 1.7 -0.47299 0. 5 -1.00447
4*19.003 58. 9 0.98349 34. 7 0.75870 4.4 -0.13818 1.0 -0.78163 0. 9 -0.82739
19.310 33.3 0.98604 58.9 1.17296 1.3 -0.48321 1.1 -0.55576 0. 3 -1.12003
19.950 37. 6 0.93543 57. 9 1.12292 3. 3 -0.12125 1. 1 -0.59837 0. 2 -1.33873
19.960 37. 5 1.10302 60.4 1.31002 1.0 -0.47101 1.0 -0.47101 0. 1 -1.47101
20.000 35. 9 1.02072 60. 3 1.24594 3. 1 -0.04301 0. 7 -0.68928 0. 1 -1.53437
20.300 37.0 1.24735 59. 7 1.45512 2.6 0.09412 0. 7 -0.47575 0.0 -2.32085
21.000 36. 3 0.83614 59. 5 1.05075 2. 5 -0.32583 0. 7 -0.87867 1. 1 -0.68238
22.000 39.4 1.18920 53.3 1.32043 6.4 0.39988 0. 8 -0.50321 0.0 -2.40630
23.000 38. 5 1.19031 55. 7 1.35070 4. 9 0.29505 0. 9 -0.44091 0. 0 -2.39515
24.000 38. 7 1.21091 56.2 1.37294 4.4 0.26665 0. 3 -0.47371 0.0 -2.37680
25.000 36. 7 0.99514 57. 1 1.18711 5. 6 0.17866 0. 6 -0.79138 0. 1 -1.56953
26.400 37. 6 0.80557 53. 5 0.95873 7.3 0.09370 1.2 -0.69044 0. 4 -1.16756
34.020 46. 2 1.05074 50.4 1.08853 2. 4 -0.23369 0. 7 -0.76880 0.3 -1.13678
34.200 36. 6 1.33598 62. 5 1.56838 0. 6 -0.44935 0. 1 -1.22750 0. 1 -1.22750
35.000 39.7 1.08005 56. 8 1.23561 2. 9 -0.05634 0. 3 -1.04162 0. 2 -1.21771
36.000 38.4 1.00631 58. 1 1.18616 2.9 -0.11562 0.4 -0.97596 0.3 -1.10090
37.100 41.3 1.13346 56. 9 1.27262 1. 1 -0.44110 0. 5 -0.78352 0. 2 -1.18146
37.110 38. 1 1.29184 61.0 1.49624 0.6 -0.51094 0.2 -0.98806 0. 1 -1.28909
39.000 39. 3 1.24413 59. 8 1.42644 0. 3 -0.87314 0.4 -0.74820 0. 2 -1.04923
39.200 40. 2 1.19960 58. 3 1.36105 0. 9 -0.45038 0.5 -0.70565 0. 1 -1.40462
39.210 36. 8 1.24315 62. 0 1.46969 0. 9 -0.36846 0. 2 -1.02167 0. 1 -1.32270
40.300 39.5 1.03968 57. 1 1.19972 2. 7 -0.12556 0. 5 -0.85795 0. 2 -1.25589
40.310 37.3 1.17565 61.0 1.38927 1.4 -0.24993 0. 3 -0.91394 0. 1 -1.39606
43.000 40. 1 1.01593 57. 4 1.17169 1.5 -0.41113 0. 5 -0.88825 0.5 -0.88825
46.000 38. 5 1.24899 57. 6 1.42395 3. 1 0.15489 0. 7 -0.49137 0. 0 -2.33647
47.000 38. 0 1.07416 60. 4 1.27541 0. 7 -0.66053 0.3 -1.02851 0.7 -0.66053
47.300 38.4 0.85333 56. 6 1.02182 3. 3 -0.21249 0.9 -0.77676 0. 7 -0.88590
47.500 38. 2 0.94710 58. 0 1.12847 2. 7 -0.20360 0. 5 -0.93599 .0.5 -0.93599
47.510 39. 3 1.14944 59. 3 1.32810 0. 6 -0.66680 0.3 -0.96783 0. 4 -0.84290
49.000 41.7 0.79069 51.0 0.87812 5.0 -0.13048 1.1 -0.78806 1.2 -0.75027
50.000 42. 1 0.98740 53. 1 1.08821 3.8 -0.05710 0.9 -0.68264 0. 2 -1.33586
51.000 41.8 0.75715 49.6 0.83146 6.0 -0.03587 1.4 -0.71790 1.2 -0.78484
51.010 41. 1 0.77703 51.8 0.87752 4.6 -0.17405 1.2 -0.75763 1.3 -0.72287
51.020 41.2 0.74198 49. 8 0.82431 6.2 -0.08053 1.3 -0.75897 1.4 -0.72679
51.030 43.9 0.80801 49. 0 0.85574 4. 8 -0.15321 1.2 -0.75527 1.2 -0.75527
51.040 43.0 0.84454 51.7 0.92456 3.0 -0.31181 1.2 -0.70975 1.1 -0.74754
■¿*51.050 48. 7 0.74957 26.9 0.49179 20.2 0.36739 3. 7 -0.36976 0.5 -1.23899
51.100 41.2 0.81689 52.6 0.92297 4. 1 -0.18523 1.0 -0.79801 1.1 -0.75662
51.400 42.2 0.80699. 50.8 0.88754 4.8 -0.13708 1.2 -0.73914 1.0 -0.81832
51.410 39.8 0.99142 57.7 1.15272 1.2 -0.52928 0. 5 -0.90949 0.8 -0.70537
51.500 42.3 0.87249 52.4 0.96548 3. 4 -0.22237 1.3 -0.63991 0.6 -0.97570
51.510 39.9 1.12461 57.5 1.28330 2. 1 -0.15415 0.5 -0.77740 0. 1 -1.47637
52.040 43.0 0.88229 51.5 0.96063 3.9 -0.16011 1.1 -0.70978 0.6 -0.97303
52.050 40.6 1.05900 57.4 1.20938 0.8 —0.64644 0.5 -0.85056 0.6 -0.77138
52.401 40.4 0.79820 52.3 0.91032 5. 2 -0.09217 1.0 -0.80818 1.0 -0.80818
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52.402 43.6 1.34016 43 - 1 1.33567 2.1 -0.02426 1. 1 -0.30509 3.0 — 2.34643
54.300 * * * *
54.310 39.2 1.19902 59. 7 1.3S171 0. 5 -0.69529 0. 4 -0.79220 0. 2 -1.09323
55.200 46. 5 0.96537 48. 5 0.98416 3. 4 -0.17011 1.4 -0.55546 0.3 -1.22446
55.210 41.5 1.08706 56. 7 1.22260 0.8 -0.62790 0.6 -0.75284 0.4 -0.92893
55.300 46. 9 0.97153 47. 8 0.97983 3.6 -0.14329 1.3 -0.58565 0. 3 -1.22247
55.310 41.4 1.03839 56.2 1.17112 1.4 -0.43249 0. 6 -0.80046 0. 4 -0.97656
56.000 37. 9 1.03238 55. 2 1.19618 6.4 0.26042 0. 1 -1.54576 0. 4 -0.94370
57.100 39. 7 0.99320 53.3 1.12114 6. 3 0.19375 0. 2 -1.30456 0. 4 -1.00353
53.000 42. 5 0.93284 47. 0 0.97655 9. 4 0.27753 0. 2 -1.39452 0.8 -0.79246
59.000 44.0 0.76876 44. 7 0.77561 8.9 0.07469 0.9 -0.92045 1.5 -0.69861
63.000 44. 2 1.00656 50. 2 1.06184 4. 7 0.03323 0. 5 -0.93989 0. 3 -1.16174
63.100 42.0 0.92386 47. 2 0.97455 9.9 0.29625 0.4 -1.09733 0.4 -1.09733
63.110 35. 1 1.00444 55. 9 1.20654 8. 6 0.39363 0. 1 -1.54087 0. 3 -1.06375
63.200 44.3 0.85692 44.8 0.36180 9. 3 0.17900 1.2 -0.71030 0. 4 -1.18742
63.210 37. 2 1.09364 53. 7 1.29174 3. 7 0.09130 0.3 -0.99973 0. 1 -1.47690
66.000 37.4 1.38182 60. 3 1.58927 2.0 0.10998 0.0 -2.19105 0.2 -0.89002
67.000 41.1 1.19011 57. 1 1.33290 0.4 -0.82167 1.4 -0.27761 0. 1 -1.42373
68.010 56.4 1.05361 39.9 0.90331 1.2 -0.61849 0.6 -0.91952 1.9 -0.41891
69.000 29.9 0.57446 47. 8 0.77822 14.2 0.25108 7. 9 -0.00358 0. 2 -1.60018
69.100 29.3 0.64156 50. 5 0.37799 13.3 0.29855 6.8 0.00721 0. 1 -1.82530
69.200 30. 6 0.59714 49. 0 0.80162 13. 4 0. 23352 6.9 -0.04973 0. 2 -1.58755
69.300 31.2 0.60906 49. 1 0.80593 12.6 0.21527 6.9 -0.04625 0.2 -1.58407
69.400 35. 5 1.10570 60. 3 1.33579 3. 9 0.14654 0. 2 -1.14350 0. 1 -1.44453
69.410 37.0 1.20764 61.3 1.42690 1.4 -0.21444 0. 2 -1.05953 0. 1 -1.36056
70.000 31.7 0.62692 49. 5 0.82046 12.9 0.23645 5.8 -0.11071 0. 2 -1.57311
70.100 30.6 0.66953 49. 7 0.88016 13. 9 0.32682 5.7 -0.06032 0. 1 -1.81619
72.000 
72.100 43.0 1.28296 40. 6 1.25802 16. 2 0.85901 0. 2 -1.04948 0.0 -2.35051
72.200 31.6 0.61430 49. 6 . 0.81009 9. a 0.10584 8. 7 0.05413 0. 2 — 1.58436
72.300 
72.400 35. 3 1.29609 64. 2 1.55586 0. 2 -0.95065 0. 2 -0.95065 0. 2 -0.95065
73.000 36.4 0.84801 48. 1 0.96905 14.0 0.43303 1.5 -0.53700 0. 1 -1.71309
73.100 32. 2 0.73606 51.6 0.94085 14.5 0.38957 1.5 -0.59571 0. 2 -1.47077
73.200 41.3 0.87858 42.2 0.88794 15.5 0.45296 0.9 -0.78313 0. 2 — 1.43634
73.300 33.0 0.79720 48. 6 0.96533 16. 3 0.50400 1.5 -0.54522 0. 1 -1.72131
Key: * severe1 outliers (samples 19.003 and 51.050) 
A T- atomic 
SAM- sample number
Note: due to the nature of the algorithm of the software, an excess number of significant 
figures ere retained for the log centred (Ic) scores
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APPENDIX 9 Standardised (z) Scores and Outlier Codes for Elemental
Atomic Percentage Variates of the 'Total' Data Set
('CHONS')
S A M P L E
N U M B E R c H 0 N s
O U T L I E R
C O D E
1. 120 - 1 . 1 9 1 6 0 . 3 3 8 4 8 . ó 1350 . 0 6 6 7 4 . 0 7 1 3 1 0 . 0
1 . 2 0 0 - . 4 1 3 3 1 . 1 8 2 0 1 . 3 0 2 9 3 - . 2 3 7 3 1 - . 8 9 4 7 5 0 . 0  .
1 . 3 0 0 - . 5 1 3 7 4 . 3 5 4 0 7 - . 0 8 5 2 9 - . 2 3 7 3 1 1 . 8 0 5 2 5 0 . 0
1 . 4 0 0 - . 4 6 3 5 2 . 4 7 4 5 1 - . 0 8 5 2 9 - . 2 3 7 3 1 - . 8 9 4 7 5 0 . 0
1 . 5 0 0 . 2 1 4 3 5 - . 5 5 7 8 6 . 4 5 8 2 2 - . 0 0 9 2 7 1 . 5 5 7 5 5 0 .  0
1 . 6 0 0 - . 7 6 4 8 0 - . 0 2 4 4 7 . 3 2 8 8 1 - . 1 6 1 3 0 5 . 0 2 5 4 5 3 . 0 0
1 . 7 0 0 - . 1 6 2 2 5 . 0 6 1 5 6 . 0 4 4 1 2 - . 1 6 1 3 0 . 3 1 4 4 3 0 . 0
1 . 8 0 0 . 0 6 3 7 1 - . 5 2 3 4 4 . 436.10 . 1 4 2 7 5 1 . 8 0 5 2 5 0 . 0
1 . 9 0 0 - . 9 6 5 6 5 . 1 6 4 3 0 . 6 1 3 5 0 - . 2 3 7 3 1 1 . 3 0 5 2 5 0.  0
1 . 9 1 0 - . 6 1 4 1 6 1 . 4 2 0 8 5 - 1 . 2 4 7 3 5 - . 4 6 5 3 5 - . 0 7 1 8 2 0 . 0
2 . 0 0 0 - . 7 6 4 8 0 . 5 7 7 7 5 . 0 4 4 1 2 - . 3 1 3 3 2 - . 4 2 4 1 1 0 . 0
3 . 0 0 0 - . 6 6 4 3 7 . 3 0 2 4 5 . 3 5 4 6 9 - . 3 1 3 3 2 - . 4 2 4 1 1  ■ 0 . 0
4 .  00 0 - . 4 3 8 4 2 . 1 9 9 2 1 . 1 9 9 4 0 - . 0 8 5 2 8 - . 1 7 6 4 0 0 . 0
6 . 0 0 0 - . 3 6 3 1 0 - . 3 3 4 1 8 1 . 0 0 1 7 2 - . 3 1 3 3 2 - . 1 7 6 4 0 0 . 0
8 . 0 0 0 - . 6 6 4 3 7 . 3 8 3 4 8 . 1 2 1 7 6 - . 1 6 1 3 0 . 3 1 9 0 1 0 . 0
8 . 1 0 0 - . 1 3 7 1 4 . 2 1 6 4 2 - . 1 3 7 0 5 - . 1 6 1 3 0 . 0 7 1 3 1 0 . 0
9 . 0 0 0 - . 2 6 2 6 7 . 3 3 6 8 6 - . 1 8 3 8 1 - . 0 8 5 2 8 - . 1 7 6 4 0 0 . 0
9 .  200 - . 0 3 6 7 2 - . 0 0 7 2 6 . 1 2 1 7 6 - . 0 8 5 2 8 - . 4 2 4 1 1 0 . 0
9.  21 0 - . 7 8 9 9 0 . 4 9 1 7 2 . 1 7 3 5 2 - . 3 1 3 3 2 . 0 7 1 3 1 0 . 0
9 . 2 2 0 - . 0 3 6 7 2 - . 3 1 6 9 7 . 5 8 7 6 2 - . 0 8 5 2 8 - . 1 7 6 4 0 0 . 0
9.  23 0 1 . 5 1 9 8 7 - 2 . 6 2 2 5 9 2 . 1 9 2 2 5 . 5 9 8 8 3 - . 1 7 6 4 0 1 . 0 0
9 . 2 4 0 - . 1 8 7 3 5 . 0 7 8 7 7 . 2 5 1 1 7 - . 3 3 9 3 3 - . 1 7 6 4 0 0 . 0
9 .  250 - . 2 6 2 6 7 . 3 3 6 8 6 - . 1 8 8 8 1 - . 0 8 5 2 8 - . 1 7 6 4 0 0 . 0
9 . 2 6 0 - . 4 3 8 4 2 . 6 1 2 1 6 - . 2 4 0 5 7 - . 5 4 1 3 6 - . 1 7 6 4 0 0 . 0
9. 270 -.48863 .71540 -.36998 -.46535 -.42411 0 . 0
9.280 -.16225 .37127 -.24057 -.31332 -.42411 0 . 0
9. 300 -.41331 .44010 -.11117 -.16130 -.42411 0 . 0
9.310 -.61416 .57775 -.05941 -.31332 -.67182 0 . 0
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Appendix 9 continued
S A M P L E
N U M B E R C H
9.  3 2 0 - 1 . 7 6 9 0 5 . 4 0 5 6 9 1
9 . 3 3 0 - . 9 1 5 4 4 . 9 3 9 0 8 -
9 . 4 0 0 - . 5 6 3 9 5 1 . 1 9 7 1 7 - 1
1 0 . 0 0 0 - . 4 1 3 3 1 . 4 9 1 7 2 -
1 0 . 0 1 0 - . 0 8 6 9 3 - . 1 9 6 5 3
1 0 . 1 0 0 - . 4 3 8 4 2 1 . 2 8 3 2 0 - 1
1 0 . 1 1 0 - . 7 1 4 5 9 1 . 4 5 5 2 6 - 1
1 0 . 1 2 0 - . 8 4 0 1 2 1 . 5 4 1 2 9 - 1
1 0 . 1 3 0 - . 6 3 9 2 7 1 . 3 8 6 4 4 - 1
1 0 . 1 4 0 - . 4 6 3 5 2 1 . 2 8 3 2 0 - 1
1 0 . 2 0 0 - . 5 3 9 0 5 . 6 4 6 5 7 -
1 0 . 2 1 0 1 . 2 1 3 6 0 - 1 . 7 6 2 2 9 1
1 0 . 2 2 0 - . 7 3 9 9 0 1 . 3 5 2 0 2 -
1 0 . 2 3 0 - . 3 1 2 8 9 . 9 2 1 8 7 -
1 1 . 0 0 0 - . 5 6 3 9 5 . 2 1 6 4 2
1 1 . 1 0 0 - . 7 8 9 9 0 . 4 7 4 5 1
1 1 . 2 0 0 - . 2 6 2 6 7 - . 2 9 9 7 6
1 2 . 0 0 0 . 2 6 4 5 6 - . 7 1 2 7 1
1 2 . 1 0 0 . 2 6 4 5 6 - . 1 2 7 7 0 -
1 3 . 0 0 0 . 2 3 9 4 5 . 0 0 9 9 5 -
1 4 . 0 0 0 - . 5 3 3 8 4 . 3 7 1 2 7
1 4 . 0 1 0 - . 4 3 8 6 3 . 0 0 9 9 5
1 4 . 0 2 0 - . 5 3 8 8 4 . 3 0 2 4 5
1 4 . 0 3 0 - . 6 6 4 3 7 . 4 7 4 5 1 -
1 4 . 0 4 0 - . 2 3 7 7 8 .06156
14.050 -.23778 -.23094
14.060 -.13714 .42289 -
14.100 -.43842 1.09393 -
14.110 -.13714 .99070 -1 .
14.120 -.43842 1.21438 - 1 ,
14.130 .03860 .83746 - 1 ,
14.200 -.38820 .30245
14.210 .64115 -.90198
14.220 -.71459 1.00790 -
14.230 -.36310 .97349 -
15.000 1.01775 -1.93435 1 .
15.010 1.29392 .-2.00317 1 ,
15.020 -2 . 0 2 0 1 1 .74981 1 .
15.030 .01350 .04436 -
15.040 -.33799 .14759
15.100 -.13714 .73260 -.
15.110 -.33799 1.11114 - 1
15.200 .41520 -.21373 -
15.210 -.13735 .88746 - 1
16.000 .31477 .04436 —.
16.010 -.01161 .21642 -.
16.020 .21435 -.05888 -.
16.030 .16413 -.47183
16.040 .81690 -1.19448
16.050 2 . 0 2 2 0 0 -1.98597
16.100 -.41331 1.19717 -1 ,
16.110 -.13714 .90467 - 1
16.120 .16413 .52613 —,
16.200 .16413 .18201 - —.
N s
O U T L I E R
C O D E
- . 6 1 7 3 7 - .  67132 0 . 0
- . 4 6 5 3 5 - . 6 7 1 8 2 0 . 0
- . 3 8 9 3 3 - . 6 7 1 8 2 0.  0
- . 2 3 7 3 1 - . 3 9 4 7 5 0 . 0
- . 3 8 9 3 3 - . 6 7 1 3 2 0 . 0
- . 5 4 1 3 6 - . 6 7 1 8 2 0 . 0
- . 5 4 1 3 6 - . 8 9 4 7 5 0 . 0
- . 4 6 5 3 5 - . 6 7 1 8 2 0 . 0
- . 4 6 5 3 5 - . 6 7 1 8 2 0.  0
- . 4 6 5 3 5 - . 6 7 1 8 2 0.  0
- . 2 3 7 3 1 - . 4 2 4 1 1 0 . 0
. 3 7 0 7 9 - . 4 2 4 1 1 0.  0
- . 5 4 1 3 6 - . 6 7 1 3 2 0 . 0
- . 3 8 9 3 3 - . 1 7 6 4 0 0 . 0
- . 3 1 3 3 2 - . 1 7 6 4 0 0.  0
- . 3 1 3 3 2 - . 6 7 1 8 2 0 . 0
- . 0 8 5 2 8 - . 4 2 4 1 1 0 . 0  -
- . 0 0 9 2 7 . 0 7 1 3 1 0 . 0
- . 0 0 9 2 7 - . 8 9 4 7 5 0.  0
- . 0 0 9 2 7 . 3 1 9 01 0 . 0
- . 3 1 3 3 2 - . 1 7 6 4 0 0.  0
- . 3 8 9 3 3 1 . 8 0 5 2 5 0 . 0
- . 4 6 5 3 5 - . 1 7 6 4 0 0 . 0
- . 3 8 9 3 3 . 8 1 4 4 3 0.  0
- . 3 1 3 3 2 - . 4 2 4 1 1 0.  0
- . 1 6 1 3 0 3 . 0 4 3 7 9 0 . 0
- . 2 3 7 3 1 - . 6 7 1 8 2 0.  0
- . 4 6 5 3 5 - . 6 7 1 8 2 0 . 0
- . 3 8 9 3 3 - . 6 7 - 1 3 2 0.  0
- . 4 6 5 3 5 - . 6 7 1 8 2 0 . 0
- . 5 4 1 3 6 - . 6 7 1 8 2 0 . 0
- . 2 3 7 3 1 - . 4 2 4 1 1 0 . 0
. 1 4 2 7 5 - . 1 7 6 4 0 0.  0
- . 3 8 9 3 3 - . 6 7 1 3 2 0 . 0
- . 4 6 5 3 5 - . 6 7 1 8 2 0.  0
. 1 4 2 7 5 - . 6 7 1 8 2 1 . 0 0
. 1 4 2 7 5 - . 4 2 4 1 1 0.  0
- . 0 8 5 2 8 - . 6 7 1 8 2 0 . 0
- . 0 0 9 2 7 - .  17640 0 . 0
- . 0 0 9 2 7 . 0 7 1 3 1 0 . 0
- . 4 6 5 3 5 - . 6 7 1 8 2 0.  0
- . 3 8 9 3 3 - . 6 7 1 8 2 0 . 0
. 1 4 2 7 5 - . 1 7 6 4 0 0.  0
- . 3 1 3 3 2 . 0 7 1 3 1 0 . 0
- . 0 0 9 2 7 . 3 1 9 0 1 0 . 0
. 2 1 8 7 7 - . 6 7 1 8 2 0.  0
- . 0 8 5 2 8 1 . 3 0 9 8 4 0 . 0
- . 0 8 5 2 8 1 . 3 0 5 2 5 0 . 0
. 2 9 4 7 S 2 . 7 9 6 0 8 0 . 0
. 4 4 6 8 1 - . 1 7 6 4 0 0 . 0
- . 3 1 3 3 2 - . 6 7 1 8 2 0.  0
- . 3 8 9 3 3 - . 6 7 1 8 2 0 . 0
- . 3 1 3 3 2 - . 6 7 1 3 2 0.  0


























































S A M P L E
N U M B E R c H
1 6 . 2 1 0 - . 8 6 5 2 2 .7 4 98 1 -
1 7 . 1 0 0 . 1 1 3 9 2 - . 2 9 9 7 6
1 7 . 1 1 0 5 89 05 . 7 6 7 0 2 -
1 7 . 2 0 0 11203 . 0 2 7 1 5
1 7 . 2 1 0 . 9 4 2 4 3 - 1 . 0 5 6 8 4
1 7 . 2 2 0 - . 3 6 3 1 0 1 . 1 4 5 5 5 - 1
1 7 . 2 3 0 1 . 5 9 5 1 9 - . 5 4 0 6 5 -
1 7 . 3 0 0 - . 4 3 8 4 2 . 6 2 9 3 7 -
1 7 . 3 1 0 - . 6 1 4 1 6 1 . 0 5 9 5 2 -
1 3 . 0 0 0 - . 4 1 3 3 1 . 6 4 6 5 7 -
1 9 . 0 0 0 - . 2 8 7 7 8 . 4 9 1 7 2 -
1 9 . 0 0 1 . 1 1 3 9 2 . 0 6 1 5 6 -
1 9 . 0 0 2 . 9 6 7 5 4 - . 2 6 5 3 5 -
1 9 . 0 0 3 5 . 1 1 0 0 7 - 3 . 5 3 4 5 2 -
1 9 . 3 1 0 - . 0 6 1 8 2 . 6 2 9 3 7 -
1 9 . 9 5 0 - . 2 3 7 5 7 . 4 5 7 3 1 -
1 9 . 9 6 0 - . 2 6 2 6 7 . 8 8 7 4 6 -
2 0 . 0 0 0 - . 6 6 4 3 7 . 8 7 0 2 5 -
2 0 . 3 0 0 - . 3 8 8 2 0 . 7 6 7 0 2 -
2 1 . 0 0 0 - . 5 6 3 9 5 . 7 3 2 6 0 -
2 2 . 0 0 0 . 2 1 4 3 5 - . 3 3 4 1 8
2 3 . 0 0 0 - . 0 1 1 6 1 . 0 7 8 7 7
2 4 . 0 0 0 . 0 3 8 6 0 . 1 6 4 8 0 -
2 5 . 0 0 0 - . 4 6 3 5 2 . 3 1 9 6 6
2 6 . 4 0 0 - . 2 3 7 5 7 - . 2 9 9 7 6
3 4 . 0 2 0 1 . 9 2 1 5 7 - . 8 3 3 1 6 -
3 4 . 2 0 0 - . 4 8 8 6 3 1 . 2 4 8 7 9 - 1
3 5 . 0 0 0 . 2 8 9 6 7 . 2 6 8 0 4 -
3 6 . 0 0 0 - . 0 3 6 7 2 . 4 9 1 7 2 -
3 7 . 1 0 0 . 6 9 1 3 7 . 2 8 5 2 4 -
3 7 . 1 1 0 - . 1 1 2 0 3 . 9 9 0 7 0 - 1
3 9 . 0 0 0 . 1 8 9 2 4 . 7 8 4 2 2 - 1
3 9 . 2 0 0 . 4 1 5 2 0 . 5 2 6 1 3 - 1
3 9 . 2 1 0 - . 4 3 8 4 2 1 . 1 6 2 7 6 - 1
4 0 . 3 0 0 . 2 3 9 4 5 . 3 1 9 6 6 -
4 0 . 3 1 0 - . 3 1 2 8 9 . 9 9 0 7 0 -
4 3 . 0 0 0 . 3 9 0 0 9 . 3 7 1 2 7 -
4 6 . 0 0 0 - . 0 1 1 6 1 ..40569 -
4 7 . 0 0 0 - . 1 3 7 1 4 . 8 8 7 4 6 - 1
4 7 . 3 0 0 - . 0 3 6 7 2 . 2 3 3 6 3 -
4 7 . 5 0 0 - . 0 8 6 9 3 . 4 7 4 5 1 -
4 7 . 5 1 0 . 1 8 9 2 4 . 6 9 8 1 9 - 1
4 9 . 0 0 0 . 7 9 1 7 9 - . 7 2 9 9 2
5 0 . 0 0 0 . 8 9 2 2 2 - . 3 6 8 5 9 -
5 1 . 0 0 0 . 8 1 6 9 0 - . 9 7 0 8 0
5 1 . 0 1 0 . 6 4 1 1 5 - . 5 9 2 2 7 -
5 1 . 0 2 0 . 6 6 6 2 6 - . 9 3 6 3 9
5 1 . 0 3 0 1 . 3 4 4 1 3 - 1 . 0 7 4 0 4 -
5 1 . 0 4 0 1 . 1 1 8 1 7 - . 6 0 9 4 8 -
5 1 . 0 5 0 2 . 5 4 9 2 3 - 4 . 8 7 6 6 0 3
5 1 . 1 0 0 . 6 6 6 2 6 - . 4 5 4 6 2 -
5 1 . 4 0 0 . 9 1 7 3 2 - . 7 6 4 3 3 -
5 1 . 4 1 0 . 3 1 4 7 7 . 4 2 2 8 9 -
5 1 . 5 0 0 . 9 4 2 4 3 - . 4 8 9 0 3 -
N S
O U T L I E R
C O D E
- . 3 3 9 3 3 - . 6 7 1 8 2 0.  0
- . 0 0 9 2 7 -  . e>7132 0 . 0
- . 3 8 9 3 3 - . 6 7 1 8 2 0 . 0
- . 0 8 5 2 8 - . 4 2 4 1 1 0 . 0
. 5 2 2 8 2 - . 1 7 6 4 0 0.  0
- . 3 8 9 3 3 - . 6 7 1 8 2 0 . 0
- . 1 6 1 3 0 - . 6 7 1 8 2 1 . 0 0
- . 1 6 1 3 0 - . 6 7 1 8 2 0 . 0
- . 3 8 9 3 3 - . 4 2 4 1 1 0.  0
- . 0 8 5 2 8 . 8 1 4 4 3 0 . 0
- . 5 4 1 3 6 . 3 1 9 0 1 0.  0
. 5 2 2 8 2 . 3 1 9 0 1 0 . 0
. 5 2 2 8 2 . 3 1 9 0 1 0.  0
- . 0 0 9 2 7 1 . 3 0 9 8 4 3 . 0 0
. 0 6 6 7 4 - . 1 7 6 4 0 0.  0
. 0 6 6 7 4 - . 4 2 4 1 1 0 . 0
- . 0 0 9 2 7 - . 6 7 1 8 2 1 . 0 0
- . 2 3 7 3 1 - . 6 7 1 8 2 0 . 0  •
- . 2 3 7 3 1 - . 8 9 4 7 5 0 .  0
- . 2 3 7 3 1 1 . 8 0 5 2 5 0 . 0
- . 1 6 1 3 0 - . 8 9 4 7 5 0 . 0
- . 0 8 5 2 8 - . 8 9 4 7 5 0 . 0
- . 1 6 1 3 0 - . 8 9 4 7 5 0 . 0
- . 3 1 3 3 2 - . 6 7 1 8 2 0 . 0
. 1 4 2 7 5 . 0 7 1 3 1 0.  0
- . 2 3 7 3 1 - . 1 7 6 4 0 0 . 0
- . 6 9 3 3 9 - . 6 7 1 8 2 0.  0
- . 5 4 1 3 6 - . 4 2 4 1 1 0 . 0
- . 4 6 5 3 5 - . 1 7 6 4 0 0 .  0
- . 3 8 9 3 3 - . 4 2 4 1 1 0 . 0
- . 6 1 7 3 7 - . 6 7 1 8 2 0 .  0
- . 4 6 5 3 5 - . 4 2 4 1 1 0 . 0
- . 3 8 9 3 3 - . 6 7 1 8 2 0 .  0
- . 6 1 7 3 7 - . 6 7 1 8 2 0 . 0
- . 3 8 9 3 3 - . 4 2 4 1 1 0 .  0
- . 5 4 1 3 6 - . 6 7 1 8 2 0 . 0
- . 3 8 9 3 3 . 3 1 9 0 1 0 .  0
- . 2 3 7 3 1 - . 8 9 4 7 5 0 . 0
- . 5 4 1 3 6 . 8 1 4 4 3 0 .  0
- . 0 8 5 2 8 . 8 1 4 4 3 0 . 0
- . 3 8 9 3 3 . 3 1 9 0 1 0 . 0
- . 5 4 1 3 6 . 0 7 1 3 1 0 . 0
. 0 6 6 7 4 2 . 0 5 2 9 6 0.  0
- . 0 8 5 2 8 - . 4 2 4 1 1 0 . 0
. 2 9 4 7 8 2 . 0 5 2 9 6 0 . 0
. 1 4 2 7 5 2 . 3 0 0 6 7 0 . 0
. 2 1 8 7 7 2 . 5 4 8 3 8 0 . 0
. 1 4 2 7 5 2 . 0 5 2 9 6 0 . 0
. 1 4 2 7 5 1 . 8 0 5 2 5 0 . 0
2 . 0 4 3 0 7 . 3 1 9 0 1 3 . 0 0
- . 0 0 9 2 7 1 . 8 0 5 2 5 0 .  0
. 1 4 2 7 5 1 . 5 5 7 5 5 0 . 0
-.3 8 9 3 3 1 . 0 6 2 1 3 1 . 0 0
. 2 1 8 7 7 . 5 6 6 7 2 0 . 0
O


























0 94 6 5
4 99 3 9
4 99 3 9
9 65 25





8 87 6 0
8 61 72
44 76 2
0 68 7 7
3 95 86
55115





3 54 6 9
0 0 7 6 4
4 7351
9 7 8 0 5
13881
0 07 6 4
9 3 9 3 7
3 6 99 8
Appendix 9 continued
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S A M P L E
N U M B E R c H 0 N s
O U T L I E R
C O D E
5 1 . 5 1 0 .3 3 98 3 . 3 3 3 4 3 — .70644 - . 3 8 9 3 3 - . 6 7 1 3 2 0 . 0
5 2 . 0 4 0 1 . 1 1 8 17 - . 6 4 3 3 9 24057 . 06 67 4 .56672 0 . 0
5 2 . 0 5 0 . 51562 . 37127 - 1 . 0 4 2 8 9 - . 3 3 9 3 3 .56672 0 . 0
5 2 . 4 0 1 .46541 50624 .09538 - . 0 0 9 2 7 1.55755 0 . 0
5 2 . 4 0 2 2 . 5 2 4 1 2 - 1 . 2 2 3 9 0 *.70644 .06674 - . 3 9 4 7 5 0 . 0
5 4 . 3 0 0 . 0 . 0
5 4 . 3 1 0 .1 6 41 3 . 76 70 2 - 1 . 1 2 0 5 3 - . 4 6 5 3 5 - . ¿ 2 4 1 1 0 . 0
5 5 . 2 0 0 1 .9 9 6 8 9 - 1 . 1 6 0 0 7 - . 3 6 9 9 8 . 29473 - . 1 7 6 4 0 0 . 0
5 5 . 2 1 0 .7 4 15 3 . 25083 - 1 . 0 4 2 8 9 - . 3 1 3 3 2 .07131 0 . 0
5 5 . 3 0 0 2 . 0 9 7 3 2 - 1 . 2 3 0 5 2 - . 3 1 8 2 2 . 21 87 7 - . 1 7 6 4 0 0 . 0  '
5 5 . 3 1 0 .7 1 64 7 . 16 48 0 - . 8 8 7 6 0 - . 3 1 3 3 2 .07131 0 . 0
5 6 . 0 0 0 - . 1 6 2 2 5 - . 0 0 7 2 6 .40645 - . 6 9 3 3 9 .07131 0 . 0
5 7 . 1 0 0 .2 3 96 7 33413 .38057 - . 6 1 7 3 7 .07131 0 . 0
5 8 . 0 0 0 . 99 26 4 - 1 . 4 1 8 1 6 1.18289 - . 6 1 7 3 7 1.06213 0 . 0
5 9 . 0 0 0 1 . 36 92 4 - 1 . 8 1 3 9 1 1.05348 - . 0 8 5 2 8 2.79608 0 . 0
, 6 3 . 0 0 0 1 .4 1 9 4 5 - . 3 6 7 5 7 - . 0 3 3 5 3 - . 3 8 9 3 3 - . 1 7 6 4 0 0 . 0
6 3 . 1 0 0 .86711 - 1 . 3 8 3 7 5 1.31229 - . 4 6 5 3 5 .07131 0 . 0
6 3 . 1 1 0 - . 3 6 5 2 2 .11313 .97584 - . 6 9 3 3 9 - . 1 7 6 4 0 1 . 0 0
6 3 . 2 0 0 1 . 4 4 4 55 - 1 . 7 9 6 7 0 1.15701 .1 4 27 5 .07131 0 . 0
6 3 . 2 1 0 - . 3 3 7 9 9 . 59495 - . 2 9 2 3 4 - . 5 4 1 3 6 - . 6 7 1 3 2 0 . 0
6 6 . 0 0 0 - . 2 8 7 7 8 . 37025 - . 7 3 2 3 2 - . 7 6 1 8 0 - . 4 2 4 1 1 0 . 0
6 7 . 0 0 0 .6 4 11 5 . 31 96 6 - 1 . 1 4 6 4 1 .2 9 47 8 - . 6 7 1 8 2 0 . 0
6 3 . 0 1 0 4 . 4 8 2 41 - 2 . 6 3 9 8 0 - . 9 3 9 3 7 - . 3 1 3 3 2 3.78691 3 . 0 0
6 9 . 0 0 0 - 2 . 1 7 0 7 5 - 1 . 2 3 0 5 2 2 . 42 51 3 ' 5 .2 3 5 6 1 - . 4 2 4 1 1 2 . 0 0
6 9 . 1 0 0 - 2 . 3 2 1 3 9 - . 3 1 5 9 5 2 .19225 4 . 3 9 9 4 7 - . 6 7 1 3 2 2 . 0 0
6 9 . 2 0 0 - 1 . 9 9 5 0 1 - 1 . 0 7 4 0 4 2. 21 81 3 4 . 4 7 5 4 3 - . 4 2 4 1 1 2 . 0 0
6 9 . 3 0 0 - 1 . 8 4 4 3 7 - 1 . 0 5 6 3 4 2. 01 10 8 4 . 4 7 5 4 8 - . 4 2 4 1 1 2 . 0 0
6 9 . 4 0 0 - . 7 6 4 8 0 . 37025 - . 2 4 0 5 7 - . 6 1 7 3 7 - . 6 7 1 8 2 0 . 0
6 9 . 4 1 0 - . 3 8 8 2 0 1.04231 - . 8 8 7 6 0 - . 6 1 7 3 7 - . 6 7 1 8 2 0 . 0
7 0 . 0 0 0 - 1 . 7 1 8 8 4 - . 9 3 8 0 1 2 .08873 3 . 6 3 9 3 4 - . 4 2 4 1 1 2 . 0 0
7 0 . 1 0 0 - 1 . 9 9 5 0 1 - . 9 5 3 6 0 2. 34 75 4 3 . 5 6 3 3 3 - . 6 7 1 8 2 2 . 0 0
72^. 000 . . . 0 . 0
7 2 . 1 0 0 1 .1 1 81 7 - 2 . 5 1 9 3 6 2.94231 - . 6 1 7 3 7 - . 3 9 4 7 5 0 . 0
7 2 . 2 0 0 - 1 . 7 4 3 9 4 - . 9 7 0 8 0 1.28641 5 .8 4 3 7 1 - . 4 2 4 1 1 2 . 0 0
7 2 . 3 0 0 . . . 0 . 0
7 2 . 4 0 0 - . 8 1 5 0 1 1 . 54 12 9 - 1 . 1 9 8 1 8 - . 6 1 7 3 7 - . 4 2 4 1 1 0 . 0
7 3 . 0 0 0 - . 5 3 8 8 4 - 1 . 2 2 8 9 0 2 .37342 .3 7 07 9 - . 6 7 1 8 2 0 . 0
7 3 . 1 0 0 - 1 . 5 9 3 3 1 - . 6 2 6 6 8 2 . 50 28 3 . 37 07 9 - . 4 2 4 1 1 0 . 0
7 3 . 2 0 0 . 69137 - 2 . 2 4 4 0 6 2 . 76 16 4 - . 0 8 5 2 3 - . 4 2 4 1 1 0 . 0
7 3 . 3 0 0 - 1 . 3 9 2 4 6 - 1 . 1 4 2 8 7 3 .0 9 80 9 . 37 07 9 - . 6 7 1 8 2 0 . 0
Key for outlier codes: 3  -  at least one absolute value of a z ' s c o r e  ( determined on the
co mp l et e  set of data)  Is 4 . 5  or  greater  (not  Including N In H ol o c e n e  samples)
2 -  at least o ne  absolute value of a z '  s c or e  ( de termi ned on t he complete set of data)  
Is gr ea te r  than 3 . 5  ( Including N In H o l o ce n e samples)
1 -  at least o n e  absolute value of a z'  s c or e  ( de t er mi n ed  acc or di ng to deposit t y p e ) 
is gr ea te r  than 3.0 
0 “  not  an outl ier
N o t e :  a tomi c p ercentage data not  available f or  cases t hat  have missing entries
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APPENDIX 10 Standardised (z) Scores and Outlier Codes for Log-centred
Transforms of the Elemental Atomic Percentage Variates for 
the 'Total' Data Set ('CHONS')
S A M P L E
N U M B E R c H 0 N S
O U T L I E R
C O D E
1. 1 2 0 - 1 . 1 4 6 3 0 - . 6 2 7 2 4 . 5 4 0 1 6 . 1 3 7 3 5 . 2 8 3 0 0 0 . 0
1 . 2 0 0 1 . 0 2 9 9 9 . 9 9 0 3 0 1 . 3 1 7 9 9 . 7 7 4 4 8 - 2 . 7 3 8 0 4 0 . 0
1 . 3 0 0 - 1 . 0 4 3 7 4 - . 6 9 7 5 6 - . 0 4 4 2 2 - . 6 3 5 3 2 1 . 3 2 5 3 0 0 . 0
1 . 4 0 0 1 . 1 3 9 4 7 1 . 1 5 1 4 3 1 . 0 4 4 7 4 . 8 5 8 5 2 - 2 . 6 8 1 9 6 0 . 0
1 . 5 0 0 - 1 . 1 5 5 6 7 - 1 . 1 2 9 8 5 . 2 5 6 0 4 - . 2 6 5 7 8 1 . 0 9 1 0 1 0 .  0
1 . 6 0 0 - 1 . 6 4 1 6 0 - 1 . 2 2 2 5 0 . 0 4 1 8 4 - . 7 9 0 0 5 1 . 9 1 0 8 2 0 . 0
1 . 7 0 0 - . 3 6 1 2 3 - . 6 7 6 1 3 . 1 2 6 0 9 - . 3 5 7 1 7 . 8 8 7 8 6 0 . 0
1 . 3 0 0 - 1 . 3 2 1 5 5 - 1 . 2 3 1 9 6 . 2 0 8 1 4 - . 0 6 4 6 0 1 . 1 3 2 6 1 0 . 0
1 . 9 0 0 - 1 . 3 4 6 3 7 - . 8 9 1 2 7 . 4 0 9 2 3 - . 7 6 3 4 8 1 . 2 4 0 1 2 0 . 0
1 . 9 1 0 3 . 0 9 0 7 1 3 . 0 0 1 0 4 - 5 . 0 6 0 4 1 1 . 3 3 5 2 9 . 6 8 3 4 3 3 . 0 0
2 . 0 0 0 - . 2 9 2 8 7 . 0 3 1 7 5 . 4 8 7 3 0 - . 3 2 0 5 0 - . 1 1 5 1 5 0 . 0
3 . 0 0 0 - . 3 5 8 9 7 - . 0 9 9 6 2 . 6 9 1 2 2 - . 3 8 3 8 8 - . 1 5 7 4 4 0 . 0
4 . 0 0 0 - . 6 3 6 3 5 - . 4 0 2 1 9 . 4 0 4 6 7 . 0 3 2 2 3 . 1 2 0 2 2 0 . 0
6 . 0 0 0 - . 6 1 1 8 6 - . 5 0 7 1 8 . 9 2 0 0 1 - . 6 1 0 4 5 . 1 2 3 0 5 0 .  0
3 . 0 0 0 - . 8 4 8 3 7 - . 4 9 4 1 7 . 2 6 3 3 3 - . 2 6 1 8 1 . 5 9 3 2 6 0 . 0
3 .  1 0 0 - . 5 3 4 4 9 - . 3 7 5 2 0 . 1 1 1 5 9 - . 1 3 6 4 2 . 4 3 9 3 6 0 . 0
9 . 0 0 0 - . 4 6 3 9 3 - . 2 6 6 0 5 . 1 0 7 0 1 . 1 2 1 2 1 . 1 7 9 5 9 0 .  0
9 . 2 0 0 - . 3 3 4 5 2 - . 2 7 2 8 1 . 4 4 2 8 5 . 1 7 2 4 7 - . 2 1 7 8 9 0 . 0
9 .  2 1 0 - . 6 5 9 5 8 - . 2 8 7 8 4 . 4 1 7 4 2 - . 5 6 8 4 7 . 4 5 7 3 5 0 .  0
9 . 2 2 0 - . 6 4 2 6 1 - . 5 9 6 5 1 . 6 2 8 2 4 - . 0 3 9 6 4 . 0 7 2 2 6 0 . 0
9 .  2 3 0 - . 8 4 3 3 9 - 1 . 6 2 0 1 8 1 . 0 8 3 2 7 . 6 8 9 2 5 - . 1 7 9 3 3 0 .  0
9 . 2 4 0 - . 3 2 5 1 7 - . 2 1 6 6 8 . 5 7 0 6 7 - . 7 3 3 8 0 . 2 3 4 8 5 0 . 0
9 . 2 5 0 - . 4 6 3 9 3 - . 2 6 6 0 5 . 1 0 7 0 1 . 1 2 1 2 1 . 1 7 9 5 9 0 .  0
9 . 2 6 0 . 0 2 0 7 4 . 2 3 2 0 3 . 3 1 3 9 3 - 1 . 2 6 7 9 2 . 4 2 2 3 1 0 . 0
9 .  2 7 0 . 1 2 4 1 2 . 3 4 9 3 7 . 2 1 2 6 1 - . 7 2 9 0 4 . 0 4 3 9 2 0 . 0
9 .  2 3 0 - . 0 4 6 8 3 . 0 7 0 8 4 . 2 4 5 7 9 - . 2 5 5 4 9 - . 0 7 1 7 7 0 . 0
9 .  3 0 0 - . 2 8 8 8 7 — . 0 6 7 0 6 . 2 9 5 7 0 . 0 7 9 5 4 - . 1 5 4 5 0 0 . 0
9 . 3 1 0 . 0 9 8 1 3 . 3 2 7 9 0 . 5 6 7 0 3 - . 0 7 8 0 5 - . 6 9 1 3 3 0 . 0
9 .  3 2 0 - . 0 2 4 3 2 . 4 5 7 0 3 1 . 6 3 4 7 0 - 1 . 6 9 7 7 5 - . 6 0 2 4 7 0 .  0
9 . 3 3 0 . 2 7 1 8 5 . 6 0 8 5 0 . 5 3 0 9 9 - . 5 5 1 4 5 - . 5 7 5 5 4 0 . 0
9 .  4 0 0 . 9 7 6 0 1 1 . 1 7 1 5 9 - 1 . 0 3 2 7 7 . 2 2 6 6 2 - . 2 9 3 9 2 0 . 0
1 0 . 0 0 0 1 . 1 6 9 8 2 1 . 1 6 9 7 2 1 . 0 0 0 7 9 . 8 7 0 7 4 - 2 . 6 7 3 8 1 0 . 0
1 0 . 0 1 0 . 1 2 3 3 3 . 0 8 3 1 7 1 . 0 1 8 5 8 - . 4 4 1 8 2 - . 7 3 9 9 6 0 . 0
1 0 . 1 0 0 1 . 8 7 6 9 9 1 . 9 1 8 2 2 - 2 . 2 0 8 5 1 . 0 1 0 0 4 . 1 0 5 4 1 0 . 0
1 0 . 1 1 0 2 . 8 8 0 6 6 2 . 8 5 2 2 4 - 1 . 6 6 9 6 8 . 7 4 9 4 5 - 1 . 8 5 2 6 6 0 .  0
1 0 . 1 2 0 1 . 4 6 2 3 4 1 . 7 0 2 2 2 - 1 . 8 9 3 4 2 . 2 5 4 5 0 - . 0 3 7 7 5 0 .  0
1 0 . 1 3 0 1 . 6 9 8 4 9 1 . 8 2 9 5 0 - 2 . 2 7 2 5 1 . 3 8 1 2 2 . 0 4 6 8 1 0 . 0
1 0 . 1 4 0 2 . 0 5 9 8 8 2 . 0 7 7 3 2 - 2 . 9 1 9 5 1 . 5 9 9 3 1 . 1 9 2 3 3 0 .  0
1 0 . 2 0 0 - . 2 1 6 1 0 . 0 7 1 5 1 . 2 1 4 2 2 - . 0 5 2 8 5 - . 1 0 0 6 7 0 . 0
1 0 . 2 1 0 - . 5 3 9 2 7 - 1 . 0 8 1 7 2 . 9 2 4 3 0 . 6 5 1 2 5 - . 4 4 2 2 6 0 . 0
1 0 . 2 2 0 1 . 0 1 1 9 7 1 . 2 7 8 7 6 - . 6 1 5 2 7 - . 5 2 3 6 0 - . 2 5 0 6 8 0 .  0
1 0 . 2 3 0 . 3 0 4 2 3 . 5 0 2 8 9 - . 8 3 6 9 0 - . 2 7 9 2 4 . 5 3 8 1 7 0 .  0
1 1 . 0 0 0 - . 5 2 9 6 9 - . 2 8 1 9 6 . 6 1 1 2 9 - . 5 1 9 1 0 . 1 8 4 0 1 0 .  0
1 1 . 1 0 0 - . 0 4 8 7 6 . 2 2 2 4 7 . 8 0 5 4 9 - . 1 4 7 9 4 - . 7 3 7 9 7 0 .  0
1 1 . 2 0 0 - . 5 4 9 0 0 - . 4 6 7 9 2 . 8 2 6 9 2 . 0 6 2 6 5 - . 2 9 1 1 7 0 .  0
1 2 . 0 0 0 - . 7 9 6 8 2 - . 8 7 1 9 7 . 6 3 9 2 4 - . 0 2 6 8 0 . 2 7 4 9 4 0 . 0
1 2 . 1 0 0 1 . 1 1 4 0 8 . 3 6 0 5 6 1 . 0 1 8 6 2 1 . 2 8 8 7 9 - 2 . 7 7 4 5 9 0 .  0
1 3 . 0 0 0 - . 5 8 9 9 6 - . 5 3 9 1 4 - . 1 3 5 9 9 . 1 1 9 6 5 . 6 1 0 2 3 0 .  0
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Appendix 10 continued
S A M P L E OUTLIER
N U M B E R C H 0 N S C O D E
2 2 . 0 0 0 1 .0 8 5 1 0 .80266 1 .34446 .92083 - 2 .7 82 5 2 0. 0
2 3 . 0 0 0 1 .0 9 1 0 4 .93853 1 .06379 1.14976 - 2 .7 5 5 1 9 0 . 0
2 4 . 0 0 0 1 .2 0 0 9 8 1.03831 .98773 1.02926 -2 .7 1 0 2 0 0 . 0
2 5 . 0 0 0 .0 49 54 .20437 .75220 - .1 3 7 3 1 - . 73 12 1 0 . 0
2 6 . 4 0 0 - . 9 6 2 0 7 - . 8 2 0 4 9 .52474 .23302 .25420 0. 0
3 4 . 0 2 0 .3 46 26 - . 2 3 8 0 1 - . 3 5 1 7 6 - . 0 5 4 8 7 .32966 0 . 0
3 4 . 2 0 0 1 .8 6 3 3 7 1.91536 - . 9 2 9 1 3 - 1 . 7 4 0 0 7 .10725 0 . 0
3 5 . 0 0 0 . 5 0 2 6 7 .42203 .12305 - 1 . 0 5 7 1 5 .13127 0 . 0
3 6 . 0 0 0 .1 09 18 .20011 - . 0 3 5 6 6 - . 8 1 5 9 3 .41762 0. 0
3 7 . 1 0 0 .7 8 7 6 6 .58812 - . 9 0 7 0 4 - . 1 0 8 9 5 .22012 0 . 0
3 7 . 1 1 0 1 .6 3 2 8 2 1.59165 - 1 .0 9 4 0 1 - . 3 6 0 3 8 - .0 4 3 7 2 0 . 0
3 9 . 0 0 0 1 .3 7 3 2 5 1.27840 -2 .0 6 3 7 1 .02081 .54428 0 . 0
3 9 . 2 0 0 1 .1 4 0 6 4 .98494 - . 9 3 1 8 8 .17713 - .3 2 6 9 5 0 . 0
3 9 . 2 1 0 1 .3 7 2 9 8 1.47248 - . 7 1 2 5 7 - . 9 8 3 8 8 - .1 2 6 1 2 0 . 0
4 0 . 3 0 0 .2 8 7 2 2 .26096 - . 0 6 2 2 6 - . 3 8 2 3 9 .03766 0 . 0
4 0 . 3 1 0 1 .0 1 28 1 1.11161 - . 3 9 5 2 3 - . 6 0 6 4 4 - . 3 0 5 9 5 0. 0
4 3 . 0 0 0 .1 6 0 4 7 .13520 - . 8 2 6 8 0 - . 4 9 3 7 0 .93892 0. 0
4 6 . 0 0 0 1 .4 0 4 1 8 1.26724 .68857 .96437 -2 .6 1 1 3 3 0 . 0
4 7 . 0 0 0 .4 7 1 2 0 .60063 - 1 . 4 9 4 5 1 - 1 . 0 0 8 9 9 1.49717 0. 0
4 7 . 3 0 0 - . 7 0 7 1 9 - . 5 3 7 3 9 - . 2 9 4 9 9 - . 0 8 4 1 0 .94467 0 . 0
4 7 . 5 0 0 - . 2 0 6 7 8 - . 0 5 8 7 8 - . 2 7 1 1 9 - . 6 6 9 0 9 .82189 0. 0
4 7 . 5 1 0 .8 72 92 .83708 - 1 .5 1 1 3 1 - . 7 8 6 0 9 1.05010 0 . 0
4 9 . 0 0 0 - 1 . 0 4 1 4 8 - 1 . 1 8 2 2 4 - . 0 7 5 4 4 - . 1 2 5 6 1 1.27717 0. 0
5 0 . 0 0 0 .0 0822 - . 2 3 9 4 5 .12101 . 2 6 1 6 6 - . 1 5 8 3 7 0 . 0
5 1 . 0 0 0 - 1 . 2 2 0 4 3 - 1 . 3 9 1 6 4 . 0 4 3 9 8 . 1 3 2 1 5 1 . 1 9 2 4 2 0 .  0
5 1 . 0 1 0 - 1 . 1 1 4 3 5 - 1 . 1 3 4 9 4 - . 1 9 2 1 0 - . 0 1 3 8 3 1 . 3 4 4 3 5 0 .  0
5 1 . 0 2 0 - 1 . 3 0 1 4 0 - 1 . 4 2 3 7 1 . 0 5 8 3 0 - . 0 1 8 7 7 1 . 3 3 4 7 3 0 .  0
5 1 . 0 3 0 - . 9 4 9 0 3 - 1 . 2 8 2 6 6 - . 1 3 6 3 0 - . 0 0 5 1 6 1 . 2 6 4 9 1 0 . 0
5 1 . 0 4 0 - . 7 5 4 1 1 - . 9 7 3 8 4 - . 5 6 0 9 0 . 1 6 2 0 8 1 . 2 8 3 8 7 0 .  0
5 1 . 0 5 0 - 1 . 2 6 0 9 0 - 2 . 9 1 5 9 3 1 . 2 5 7 4 7 1 . 4 1 1 1 5 . 0 7 9 0 9 3 . 0 0
5 1 . 1 0 0 - . 9 0 1 6 7 - . 9 8 0 9 6 - . 2 2 2 0 1 - . 1 6 2 1 8 1 . 2 6 1 6 1 0 .  0
5 1 . 4 0 0 - . 9 5 4 4 6 - 1 . 1 3 9 9 5 - . 0 9 3 1 1 . 0 5 4 1 1 1 . 1 1 0 3 5 0 .  0
5 1 . 4 1 0 . 0 2 9 7 1 . 0 5 0 0 3 - 1 . 1 4 3 1 2 - . 5 7 1 7 4 1 . 3 8 7 2 4 0 .  0
5 1 . 5 0 0 - . 6 0 4 9 4 - . 7 9 0 2 0 - . 3 2 1 4 5 . 4 1 8 6 7 . 7 2 4 5 4 0 . 0
5 1 . 5 1 0 . 7 4 0 4 3 . 6 3 6 0 5 - . 1 3 8 8 0 - . 0 8 6 4 5 - . 5 0 2 8 2 0 .  0
5 2 . 0 4 0 - . 5 5 2 6 4 - . 8 1 1 9 7 - . 1 5 4 7 7 . 1 6 1 9 5 . 7 3 1 0 9 0 . 0
5 2 . 0 5 0 . 3 9 0 3 1 . 3 0 4 3 3 - 1 . 4 5 6 7 8 - . 3 5 5 2 4 1 . 2 2 5 4 2 0 . 0
5 2 . 4 0 1 - 1 . 0 0 1 3 6 - 1 . 0 3 7 7 2 . 0 2 7 1 1 - . 1 9 9 5 3 1 . 1 3 5 2 1 0 . 0
5 2 . 4 0 2 1 . 8 9 0 6 7 . 3 7 1 0 4 . 2 0 8 9 4 1 . 6 4 8 7 5 - 2 . 6 3 5 8 7 1 . 0 0
5 4 . 3 0 0 . . - 0 . 0
5 4 . 3 1 0 1 . 1 3 7 5 3 1 . 0 7 7 6 7 - 1 . 5 8 7 5 8 - . 1 4 0 8 5 . 4 3 6 4 1 0 .  0
5 5 . 2 0 0 - . 1 0 6 6 5 - . 7 0 6 3 9 - . 1 8 1 5 3 . 7 2 8 9 3 . 1 1 4 7 0 0 . 0
5 5 . 2 1 0 . 5 4 0 0 7 . 3 6 3 6 3 - 1 . 4 0 7 1 4 . 0 0 3 7 9 . 8 3 9 2 0 0 .  0
5 5 . 3 0 0 - . 0 7 6 1 8 - . 7 2 5 7 9 - . 1 0 9 7 4 . 6 1 8 0 0 . 1 1 9 5 9 0 .  0
5 5 . 3 1 0 . 2 8 0 3 2 . 1 3 2 6 3 - . 8 8 3 9 8 - . 1 7 1 1 9 . 7 2 2 4 4 0 . 0
5 6 . 0 0 0 . 2 5 0 9 2 . 2 4 5 0 6 . 9 7 1 0 8 - 2 . 9 0 9 3 1 . 8 0 2 9 8 0 . 0
5 7 . 1 0 0 . 0 3 9 2 0 - . 0 9 1 6 8 . 7 9 2 6 0 - 2 . 0 2 3 1 7 . 6 5 6 3 1 0 .  0
5 8 . 0 0 0 - . 2 8 2 8 9 - . 7 4 0 5 2 1 . 0 1 7 0 3 - 2 . 3 5 3 6 6 1 . 1 7 3 7 5 0 . 0
5 9 . 0 0 0 - 1 . 1 5 8 5 1 - 1 . 6 4 2 2 6 . 4 7 3 8 5 - . 6 1 2 0 2 1 . 4 0 3 8 2 0 . 0
6 3 . 0 0 0 . 1 1 0 4 9 - . 3 5 7 7 8 . 3 6 2 8 6 - . 6 8 3 4 4 . 2 6 8 4 6 0 . 0
6 3 . 1 0 0 - . 3 3 0 8 2 - . 7 4 9 4 9 1 . 0 6 7 0 0 - 1 . 2 6 1 8 3 . 4 2 6 3 7 0 .  0
6 3 . 1 1 0 . 0 9 9 1 7 . 2 9 1 5 9 1 . 3 2 7 7 2 - 2 . 8 9 1 3 3 . 5 0 8 7 0 1 . 0 0
6 3 . 2 0 0 - . 6 8 8 0 2 - 1 . 2 5 5 4 9 . 7 5 3 1 1 . 1 6 0 0 6 . 2 0 5 5 1
0 .  0




S A M P L E
N U M B E R C H
1 4 . 0 0 0 4 6 0 4 7 - . 1 9 8 3 1
1 4 . 0 1 0 - 1 . 0 2 9 5 0 - . 7 6 0 1 6
1 4 . 0 2 0 - . 3 1 0 3 3 - . 0 8 5 6 8
1 4 . 0 3 0 - . 7 4 4 5 6 - . 3 8 9 9 9
1 4 . 0 4 0 - . 2 6 4 0 1 - . 1 4 8 0 1
1 4 . 0 5 0 - 1 . 3 5 4 3 3 - 1 . 1 2 5 4 5
1 4 . 0 6 0 . 2 5 5 6 3 . 3 3 0 2 2
1 4 . 1 0 0 . 9 6 1 6 9 1 . 1 1 3 9 9 - .
1 4 . 1 1 0 1 . 2 8 7 7 5 1 . 3 0 6 5 8 - 1 .
1 4 . 1 2 0 1 . 4 2 5 3 4 1 . 5 2 5 9 2 - 1 .
1 4 . 1 3 0 1 . 5 6 2 9 4 1 . 4 8 3 1 6 - 1 .
1 4 . 2 0 0 - . 2 9 2 9 3 - . 1 0 2 9 1
1 4 . 2 1 0 - . 6 4 4 8 8 - . 8 5 9 0 7
1 4 . 2 2 0 . 4 0 7 0 7 . 6 9 0 8 4
1 4 . 2 3 0 . 8 7 0 2 6 . 9 9 9 0 1
1 5 . 0 0 0 - . 2 3 1 6 5 - . 8 3 0 5 6 1.
1 5 . 0 1 0 - . 4 6 9 7 3 - 1 . 0 9 8 2 6 1.
1 5 . 0 2 0 - . 7 1 6 0 8 . 0 0 4 6 9 1.
1 5 . 0 3 0 - . 4 9 8 5 1 - . 4 1 0 2 8 .
1 5 . 0 4 0 - . 7 7 9 6 5 - . 5 5 3 7 5
1 5 . 1 0 0 . 7 8 3 9 4 . 8 3 4 3 7
1 5 . 1 1 0 1 . 1 5 8 5 1 1 . 2 6 1 5 9 - 1 .
1 5 . 2 0 0 - . 4 7 4 4 2 - . 5 2 2 5 7
1 5 . 2 1 0 . 3 9 9 5 3 . 5 5 0 6 4 - 1 .
1 6 . 0 0 0 - . 5 1 0 3 2 - . 4 7 9 8 7
1 6 . 0 1 0 - . 0 1 0 3 8 . 0 4 0 0 8 .
1 6 . 0 2 0 - . 8 5 1 0 4 - . 7 6 7 9 0
1 6 . 0 3 0 - 1 . 1 4 3 3 2 - 1 . 0 9 0 9 0 .
1 6 . 0 4 0 - 1 . 3 3 2 9 9 - 1 . 5 3 0 1 2 .
1 6 . 0 5 0 - . 5 0 1 1 3 - 1 . 2 4 5 4 2 .
1 6 . 1 0 0 1 . 3 7 6 5 2 1 . 4 7 6 4 5 - 1 .
1 6 . 1 1 0 1 . 0 1 9 1 2 1 . 0 6 4 6 3
1 6 . 1 2 0 . 6 8 8 1 5 . 6 5 3 5 1
1 6 . 2 0 0 . 1 8 6 6 1 . 1 6 3 7 1 .
1 6 . 2 1 0 . 1 1 2 7 5 . 4 2 7 9 2 .
1 7 . 1 0 0 - . 0 9 8 9 5 - . 1 6 5 8 8 .
1 7 . 1 1 0 . 3 0 5 8 2 . 5 3 3 4 1 .
1 7 . 2 0 0 - . 3 6 7 9 1 - . 2 7 8 5 5 .
1 7 . 2 1 0 - . 6 9 2 2 7 - . 9 9 0 4 1 .
1 7 . 2 2 0 1 . 3 3 9 9 5 1 . 4 2 5 7 4 - 1 .
1 7 . 2 3 0 . 8 0 9 7 9 . 2 7 2 0 9
1 7 . 3 0 0 . 1 3 8 1 4 . 3 3 4 0 7 .
1 7 . 3 1 0 . 2 7 4 6 2 . 5 6 7 2 9
1 8 . 0 0 0 - . 6 5 2 7 1 - . 3 3 2 9 8
1 9 . 0 0 0 - . 1 6 8 4 5 . 0 1 8 0 6 .
1 9 . 0 0 1 - . 7 9 4 7 5 - . 6 7 5 9 8
1 9 . 0 0 2 - . 3 3 0 4 8 - . 5 1 6 2 3
1 9 . 0 0 3 . 0 1 4 0 5 - 1 . 7 1 8 1 5 - .
1 9 . 3 1 0 . 0 0 1 0 1 . 1 4 0 8 9 - 1 .
1 9 . 9 5 0 - . 2 6 9 1 0 - . 0 8 3 6 9
1 9 . 9 6 0 . 6 2 5 2 2 . 7 5 5 9 7
2 0 . 0 0 0 . 1 8 6 0 5 . 4 6 8 4 0 .
2 0 . 3 0 0 1 . 3 9 5 4 3 1 . 4 0 7 1 3 .
2 1 . 0 0 0 - . 7 9 8 9 5 - . 4 0 7 5 7
N S
O U T L I E R
C O D E
- . 4 7 5 3 3 . 2 1 2 3 3 0 .  0
- 1 . 1 6 7 2 3 1 . 3 2 8 9 3 0 . 0
- 1 . 0 1 9 4 0 . 2 8 1 3 5 0 . 0
- . 9 4 0 2 5 . 9 9 9 1 3 0 . 0
- . 3 3 3 3 2 - . 1 5 7 4 0 0 . 0
- . 6 7 5 4 6 1 . 5 5 5 6 0 0 . 0
. 1 9 4 4 9 - . 6 7 3 5 9 0 .  0
- . 1 6 1 1 0 - . 3 1 5 0 7 0 .  0
. 3 6 8 2 1 - . 1 9 9 4 4 0 . 0
. 1 5 8 1 0 - . 1 0 2 0 7 0 .  0
- . 2 8 6 4 9 - . 0 9 2 4 5 0 . 0
- . 1 4 0 6 3 - . 1 5 9 2 4 0 . 0
. 3 0 9 3 3 - . 0 0 1 1 3 0 . 0
- . 1 3 8 4 8 - . 5 3 7 5 5 0 . 0
- . 2 3 7 0 0 - . 3 6 5 7 1 0 .  0
. 5 3 6 6 8 - 1 . 0 1 9 1 0 0 . 0
. 3 3 2 1 0 - . 4 1 7 6 5 0 .  0
. 2 7 7 2 8 - . 8 8 5 9 1 0 . 0
. 2 1 9 3 8 . 1 3 2 9 3 0 .  0
. 0 8 4 7 7 . 3 4 9 3 9 0 . 0
- . 3 3 4 6 8 - . 4 3 0 8 9 0 .  0
. 3 1 3 1 8 - . 2 3 6 1 6 0 . 0
. 4 6 2 0 7 . 1 0 0 7 5 0 . 0
. 0 5 6 0 3 . 8 7 4 0 6 0 . 0
. 1 6 2 4 1 . 6 3 8 7 6 0 . 0
. 9 7 8 1 9 - . 8 0 9 7 1 0 . 0
- . 2 2 4 1 6 1 . 1 1 8 7 8 0 . 0
- . 4 1 7 2 6 1 . 2 0 3 5 7 0 . 0
. 0 2 0 2 3 1 . 3 5 5 3 1 0 .  0
. 6 6 6 9 7 - . 0 6 8 8 0 0 . 0
. 7 6 7 1 0 - . 1 2 7 3 9 0 . 0
. 1 8 3 2 7 - . 3 2 2 8 5 0 . 0
. 1 9 6 7 0 - . 5 0 8 0 0 0 .  0
. 6 6 6 4 5 - . 7 3 8 4 0 0 . 0
- . 3 1 4 0 7 - . 6 5 4 7 1 0 .  0
. 4 7 8 0 2 - . 8 6 4 1 4 0 .  0
- . 2 3 0 3 8 - . 5 9 8 8 7 0 . 0
. 1 6 2 0 0 - . 2 2 4 8 7 0 .  0
. 7 8 6 5 8 - . 0 5 3 5 4 0 . 0
. 4 4 2 4 0 - . 1 4 9 9 4 0 . 0
. 5 2 2 3 5 - . 5 9 6 6 5 0 .  0
. 3 7 7 8 5 - . 6 9 3 4 0 0 . 0
- . 2 4 7 4 5 . 1 2 7 7 1 0 .  0
. 0 1 6 9 8 1 . 0 1 2 1 2 0 . 0
- 1 . 4 2 3 9 7 . 8 6 2 0 3 0 .  0
. 8 4 5 6 2 . 5 2 9 7 2 0 . 0
1 . 0 3 1 3 9 . 6 5 4 0 1 0 .  0
- . 1 0 1 9 9 1 . 0 8 8 1 2 3 . 0 0
. 7 2 7 8 1 . 3 7 0 7 1 0 .  0
. 5 7 1 2 8 - . 1 6 5 4 2 0 . 0
1 . 0 3 9 1 6 - . 4 8 9 7 0 0 .  0
. 2 3 7 2 9 - . 6 4 5 0 3 0 . 0
1 . 0 2 1 7 5 - 2 . 5 7 3 0 4 0 . 0
- . 4 5 8 5 2 1 . 4 4 3 6 0 0 . 0
O
, 4 6 3 5 9
, 3 6 9 2 7
, 6 4 1 8 7
, 2 0 0 1 9
6 7 2 3 6
, 1 4 4 2 5
2 6 3 6 4
6 8 5 5 9
4 7 6 0 6
, 6 2 9 1 7
3 5 9 2 2
4 3 4 7 5
6 1 1 3 2
0 7 1 6 0
4 6 0 5 0
3 3 3 5 8
1 0 4 9 7
12191
1 8 9 8 3
2 7 8 1 7
1 7661
3 0 4 1 8
1 0 3 0 2
5 2 4 3 3
2 7 3 6 3
1 5 2 7 4
1 7 3 3 S
2 1 4 0 6
1 4 1 6 6
5 8 3 5 2
9 9 1 3 1
9 2 7 4 1
3 2 3 6 8
1 2 9 4 5
6 3 2 0 3
7 4 3 9 8
3 5 0 2 5
4 7 8 2 9
4 2 3 4 4
6 8 1 4 5
2 9 8 0 0
2 1 3 3 0
4 3 5 3 6
5 9 1 6 0
1 7 0 0 0
3 9 2 7 2
9 9 2 4 3
0 9 6 0 4
0 1 9 7 8
0 5 0 7 2
9 8 7 1 3
1 5 8 7 3
5 2 5 8 7




NUMBER c H 0 N s
O U T L I E R
C O D E
6 6 . 0 0 0 2 . 1 1 3 0 0 2 . 0 0 9 1 0 .5 6 33 3 - 5 . 2 8 0 0 0 . 93453 3. 00
6 7 . 0 0 0 1 . 0 8 9 9 6 . 85864 - 1 . 9 2 5 9 2 1 . 7 4 9 71 - . 3 7 3 8 0 0 . 0
6 8 . 0 1 0 . 3 6 1 5 7 - 1 . 0 6 9 2 2 - 1 . 3 3 1 9 5 - . 6 0 8 5 7 2 .0 8 9 4 3 0. 0
6 9 . 0 0 0 - 2 . 1 9 5 3 2 - 1 . 6 3 0 5 6 .9 4 60 8 2 . 7 5 6 4 3 - . 8 0 6 3 5 0 . 0
6 9 . 1 0 0 - 1 . 8 3 7 2 4 - 1 . 1 8 2 8 4 1 .0 7 3 1 6 2 . 7 9 6 0 6 - 1 . 3 5 8 2 3 0 . 0
6 9 . 2 0 0 - 2 . 0 7 4 3 0 - 1 . 5 2 5 5 6 . 9 1 2 47 2 . 5 8 6 8 9 - . 7 7 5 3 9 0. 0
6 9 . 3 0 0 - 2 . 0 1 0 7 1 - 1 . 5 0 5 9 6 . 8 5 0 22 2 . 5 9 9 6 8 - . 7 6 6 8 5 0. 0
6 9 . 4 0 0 . 6 3 9 5 3 . 87 15 9 . 6 6 6 2 0 - 1 . 4 3 1 4 5 - . 4 2 4 7 8 0 . 0
6 9 . 4 1 0 1 . 1 8 3 5 0 1 .2 8 04 5 - . 3 0 0 2 1 - 1 . 1229S - . 2 1 8 9 4 0. 0
7 0 . 0 0 0 - 1 . 9 1 5 4 0 - 1 . 4 4 0 9 9 .90691 2 . 3 6 2 8 4 - . 7 3 9 9 9 0 . 0
7 0 . 1 0 0 - 1 . 6 8 8 0 2 - 1 . 1 7 3 0 7 1 .1 4 8 8 6 2 . 5 4 7 9 9 - 1 . 3 3 5 9 0 0. 0
7 2 . 0 0 0 . . . 0 . 0
7 2 . 1 0 0 1 . 5 8 5 4 5 . 52 25 9 2 . 5 7 3 6 4 - 1 . 0 8 6 0 3 - 2 . 6 4 5 7 5 0 . 0
7 2 . 2 0 0 - 1 . 9 8 2 7 4 - 1 . 4 8 7 5 2 .5 5 72 3 2 . 9 6 8 4 6 - . 7 6 7 5 6 0 . 0
7 2 . 3 0 0 . . . 0. 0
7 2 . 4 0 0 1 . 6 5 5 5 4 1 .8 5 9 1 6 - 2 . 2 7 1 2 2 - . 7 2 2 9 5 .7 8 59 5 1 . 0 0
7 3 . 0 0 0 - . 7 3 5 5 9 - . 7 7 4 1 3 1 .4 3 3 2 2 . 7 9 6 7 3 - 1 . 0 8 3 1 5 0. 0
7 3 . 1 0 0 - 1 . 3 3 3 0 0 - . 9 0 0 7 3 1 . 3 1 6 8 5 . 5 8 1 0 5 - . 4 8 9 1 0 0 . 0
7 3 . 2 0 0 57247 - 1 . 1 3 8 1 8 1 . 4 8 6 5 6 - . 1 0 7 5 1 - . 4 0 4 7 1 0.  0
7 3 . 3 0 0 - 1 . 0 0 6 7 0 - . 7 9 0 9 0 1. 62 32 1 . 7 6 6 5 4 - 1 . 1 0 3 3 0 0 . 0
Key: 3 - at least one absolute value of a z' score (determined from complete data set) 
Is greater than 5.0 or the case is an obvious outlier on a discriminant function plot 
2 - not applicable
1- at least one absolute value of a z’score (determined according to oil shale type ) 
Is greater than 3.0




APPENDIX 11 FORTRAN Program for Calculation of Atomic Percentage 
Variates from 'Raw' Elemental Data
317
C MINERAL MATTER CORRECTIONS AND ATOMIC PERCENTAGES OF CHONS
C
DIMENSION ANAME(100),BNAME(30),X (100,10),XX(100,30) 















DO 10 1=1,N 
XX(I,7)=X(I,6)































XX(I,8)=XX(I,7)+XX(I,1)+XX(I,2 ) + XX(I,3)+ XX (I,4)+XX(I,5)
26 CONTINUE
DO 30 1=1,N .
XX(I,15)=XX(I,14)*100./(100.-XX(I,16))
XX(I,25)=XX(1,10)+XX(I,11)+XX(I, 12)+XX(I, 13)+XX(I,15) 
IF(XX(I,14).GE.0.) GO TO 23 
XX(I,14)=0
23 IF(XX(I,15).GE.0.) GO TO 29 
XX(I,15)=0
29 AA=XX(I,10)/12.01 '












































00 POINTS CAN BE PLOTTED CLEARLY ON THE C-H-0 TRIANGLE 
CHARACTER*AA IHEAD(200)
DIMÉNSION CA(200).H A (200 J,OA(2001,C T (220).HT(200) ,
10T(200),QANT(200).NUM(200).MCA(200) ,MHA(200),MOA(200 J.XCORD ( 200 ) . 
2YCORD(200)
LABELLING,SCALING,NUMBERING.IDENTIFYING OF C-H-0 TRIANGLE 
READl5.600)FRAC.FRACH.FRACO.ADFRAC,SCALE,LABEL,KHAR.KAR 
FORMAT(5Ì1X.FA.2),12,Al,A S )
TOTAL NUMBER OF SAMPLES PLUS NUMBER OF COALS
PROGRAM REQUIRES COAL TYFE DATA TO PRECEDE CHEMICAL DATA IN INPUT 
READ(5,10)NALL.NCOAL 
FORMAT(214 )
IF(NCOAL.EQ.0 J GO TO 100 
DO 11 1 = 1. NCOAL




FAC = 1000.0 / lCP/12.01+AP/14.01)






IDENTITY,FORMULA AND MOLAL QUANTITY OF CHEMICALS 
READ(5,1A)IHEAD(I ),C A (I ),H A (I ),O A (I ),QANT(I)
FORMAT(AAA.IX.3F5.0.5 X,F6 .2)
CONTINUE













H A (I )=HSUM/NALL •
O A (I )=OSUM/NALL 
NALL=NALL+1 










H A (I )=HLOT*QANT(I )
O A (I )=OLOT*QANT(I )
C A ( I )=1000.0 
NALL=NALL+1
319
APPENDIX 12 FORTRAN Program for Plotting Atomic Percentages of C, H 











ROUNDING OF CHEMICAL FORMULA. CALCULA T ION OF TRIANGULAR COOROIiMAï ES 
NUMBERING AVERAGING STEPS 3 YF A :• TED WHEN MIXf=0 
DO 23 1=1.NALL 
NUM(I)=I
TOT = CA ( I ) -t-HA ( I ) +ÛAl I )
MCA(I)=CA(I)+0.5 
C T( I)=CAlIJ/TOT 
MHA(I)=HA(11+0.5 
HT(I)=HA(I)/TOT 
MOA( I )=OA( I )+0.5 
OT( I ) =OA( I ) /TOT 
TABULATION OF RESULTS 
WRITE(6,25)FORMAT(’1’,’ PLOT LAB NO IDENTITY WITH SEAM NO SAMP
ILE C-H-0 FORMULA TRIANGULAR COORDINATES MOLE r
2LOT’/’ NO AND ORIGIN NO OR FORMULA TYPE
3 C H O C H 0 PROF NO’ )
DO 91 1=1.NALL
WRITE(6,26)NUM(I) , IHEAD( I ) .MCA(I ) .MHA( I ) .MOA( I ).
1CT(I).HT(I),0T(I),OANTCl).NUM(I)
FORMAT(’0 ’,5X,13,3X,AAA,10X,315.3X,3F3.5.3X.F6.2.3X.13)
ORTHOGONAL COORDINATES EQUIVALENT TO TRIANGULAR COORDINATES AND THEIR 
LIMITS CALCULATED FOR ACTUAL PLOTTING.
DO 27 1=1,NALL
















DRAW FIDUCIAL MARKS ON BASELINE. RH SIDE THEN LH SIDE 
CALX =0.0 
CALY=0.0




501 CALL PLOTCCALX+0.006.CALY-0.012.A ) 
CALX=1.0
CALY=0.0 





502 CALL PLOT(CALX+0.006.CALY+0.012,A ) 
CALX=0.5
CALY=1.0 





503 CALL PLOTlCALX-0.006.CALY+0.012.A )
320
Appendix 12 continued
C CARBON VALUES ALONG BASELINE START ING WITH LOWEST AT LH SIDE.
VARX =0.0 
DO 504 N= 1 . <5
WRITE'DFRAC. ’ 'F4.0 J ’ I FRAC 




C LABEL CARBON AXIS
CALL PLOT!0.AÓ,-0.03,3)
CALL TEXT(’CARBON*,6,4)
C HYDROGEN VALUES ALONG BASELINE STARTING WITH HIGHEST AT LH SIDE
VARX=0.0 
DO 505 NI = 1 ,6
WRITE(DFRACH. ’ IF4.2) ’ ) FRACH 




C LABEL HYDROGEN AXIS
CALL P L O T (0.46,-0.14,3)
CALL TEXT(’HYDROGEN’.3,4i
C OXYGEN VALUES ON LH SIDE STARTING LOWEST VALUE AT BUTTON
VARY=0.0 
DO 50o NJ =l.o
WRITE!DFRACO. ’ í F 4 .2) ’ 1FRAC0 




C LABEL OXYGEN AXIS
CALL FL O T (-0.04.0.50.3)
CALL TEXT(’OXYGEN’.o.4)
C TEST POINT COORDINATES FOR BEING WITHIN PLOT LIMITS.
DO 507 1=1.NALL 
I F (XCORD! I ) .LT.0 . 0 )GG TO 507 
I F (XCORDlI).G T .X L I M T )GO TO 507 
IF(YCORD( I ) .LT.0.0)GO TO 507 
IFlYCORD(I).GT.YLIMTIGO TO 507 
C POINT PLOTTING
CALL PLOT!XCORD! I ) ’SCALE.YCORD! I ) 'SCALE.3)
CALL TEXT(KHAR.0,2)
C TEST FOR POINT IDENTIFICATION
I F (LABEL.GT.0)GO TO 507 
WRITEIKNUM,’(13)’ )N U M (I '
CALL TEXT(KNUM.3,2)
507 CONTINUE
C IDENTIFY WHOLE TRIANGULAR DIAGRAM





CHARACTER TXT' (r '
IF (I.EO.0) THEN 
XFAC=X 
y f a c = y
ELSEIF (I.E0.3) t h e n  
X0=X’XFAC 
Y0=Y’YFAC
ELSEIF l I . EO. 4) THEN 
X 1 = X ,r XF AC 
Y 1 =Y ■* YFAC
CALL FFLINE(X0,Y0.X1.Y 1 )
X0 = X1 




IF (NTXT.EO.0) THEN 
ITXT = ICHAR(T X T )-43 
IF ITXT.EQ. ’ ’ ) ITX T = — 1
CALL PPPLOT(X0.Y0. 1. ITXT)





APPENDIX 13 Atomic H/C values, 0/C Values and Deposit Types for the 
'HCOC' Data Set
SAM H/C 0/C DEPTYPE
1. 120 1.70 0 . 21 4
1.200 1.55 0 . 16 4
1.300 1.65 0 . 12 4
1. ¿00 1.60 0 . 12 4
1.500 1.30 0.17 4
1.600 1.55 0.17 4
1.700 1.45 0. 13 4
1.800 1.35 0. 17 4
1.900 1.60 0 . 21 4
1.910 1.75 0 . 00 8
2.000 1.65 0. 14 4
3. 000 1.60 0. 17 4
A.. 000 1.55 0. 15 4
6 . 000 1.45 0. 24 4
8.000 1.60 0. 15 4
8 . 100 1.50 0.11 4
9.000 1.55 0.11 4
9. 100 1.65 0.09 4
9.110 1.60 0.09 4
9. 120 1.55 0 . 10 4
9. 130 1.65 0. 14 4
9. 140 1.50 0. 14 4
9. 150 1.40 0. 17 4
9.200 1.45 0. 14 4
9. 210 1.65 0 . 16 4
9. 220 1.40 0 . 18 4
9.230 0.90 0. 30 4
9.240 1.45 0. 15 4
9.250 1.55 0.11 4
9.260 1.60 0 . 1 1 4
9 .  2 7 0 1 . 6 0 0 . 0 9 4
9 .  2 8 0 1 . 5 0 0 .  10 4
9 . 3 0 0 1 . 5 5 0 .  12 4
9 .  3 1 0 1 . 6 0 0 .  13 4
9 . 3 2 0 1 . 8 5 0 .  34 a
9 . 3 3 0 1 . 7 5 0 . 1 1 8
9 . 4 0 0 1 . 7 0 - 0 .  02 S
1 0 . 0 0 0 1 . 5 5 0 .  12 4
1 0 . 0 1 0 1 . 4 0 0 .  12 4
1 0 . 1 0 0 1 . 7 0 0 . 0 1 a
1 0 . 1 1 0 1 . 8 0 0 . 0 1 a
1 0 . 1 2 0 1 . 8 0 0 .  01 a
1 0 . 1 3 0 1 . 7 5 0 .  01 a
1 0 . 1 4 0 1 . 7 0 0 . 0 1 8
1 0 . 2 0 0 1 . 6 5 0 .  11 4
1 0 . 2 1 0 1 . 0 5 0 . 2 3 4
1 0 . 2 2 0 1 . 8 0 0 . 0 3 3
1 0 . 2 3 0 1 . 6 0 0 . 0 3 a
1 1 . 0 0 0 1 . 5 5 0 .  17 4
1 1 . 1 0 0 1 . 6 5 0 .  17 4
1 1 . 2 0 0 1 . 4 5 0 .  21 4
1 2 . 0 0 0 1 . 3 0 0 .  20 4




1 3 . 0 0 0 1 . 4 0
1 4 . 0 0 0 1 . 6 0
1 4 . 0 1 0 1 . 5 0
1 4 . 0 2 0 1 . 6 0
1 4 . 0 3 0 1 . 6 0
1 4 . 0 4 0 1 . 5 0
1 4 . 0 5 0 1 . 4 5
1 4 . 0 6 0 1 . 5 0
1 4 . 1 0 0 1 . 6 5
1 4 . 1 1 0 1 . 6 0
1 4 . 1 2 0 1 . 7 0
1 4 . 1 3 0 1 . 5 5
1 4 . 2 0 0 1 . 5 5
1 4 . 2 1 0 1 . 2 0
1 4 . 2 2 0 1 . 7 0
1 4 . 2 3 0 1 . 6 5
1 5 . 0 0 0 1 . 0 5
1 5 . 0 1 0 1 . 0 0
1 5 . 0 2 0 1 .  10
1 5 . 0 3 0 1 . 4 5
1 5 . 0 4 0 1 . 5 0
1 5 . 1 0 0 1 . 5 5
1 5 . 1 1 0 1 . 6 5
1 5 . 2 0 0 1 . 3 5
1 5 . 2 1 0 1 . 6 0
1 6 . 0 0 0 1 . 4 0
1 6 . 0 1 0 1 . 4 5
1 6 . 0 2 0 1 . 4 0
1 6 . 0 3 0 1 . 3 0
1 6 . 0 4 0 1.  15
1 6 . 0 5 0 0 .  9 5
1 6 . 1 0 0 1 . 7 0
1 6 . 1 1 0 1 . 6 0
1 6 . 1 2 0 1 . 5 0
1 6 . 2 0 0 1 . 4 5
1 6 . 2 1 0 1 . 7 0
1 7 . 1 0 0 1 . 3 5
1 7 . 1 1 0 1 . 6 5
1 7 . 2 0 0 1 . 4 5
1 7 . 2 1 0 1 . 1 5
1 7 . 2 2 0 1 . 6 5
1 7 . 2 3 0 1.  15
1 7 . 3 0 0 1 . 6 0
1 7 . 3 1 0 1 . 7 0
1 8 . 0 0 0 1 . 6 0
1 9 . 0 0 0 1 . 5 5
1 9 . 0 0 1 1 . 4 5
1 9 . 0 0 2 1 . 2 5
1 9 . 0 0 3 0 .  6 0
1 9 . 0 0 4 1 . 6 5
1 9 . 0 0 5 1 . 6 0
1 9 . 0 0 6 1 . 5 5
1 9 . 0 0 7 1 . 5 0
1 9 . 0 0 8 1 . 5 0
0 / C De p t y p e
0 . 0 9 4
0 .  15 4
0 .  18 4
0 .  17 4
0 .  13 4
0 .  16 4
0 .  17 4
0 . 0 9 4
0 . 0 3 3
0 . 0 1 3
0 . 0 1 S
0 . 0 1 3
0 .  14 4
0 .  13 4
0 . 0 7 3
0 . 0 4 S
0 .  28 4
0 .  26 4
0 .  29 4
0 .  12 4
0 .  14 4
0 . 0 5 S
0 .  0 2 3
0 . 1 1 4
0 .  0 2 S
0 . 0 8 4
0 . 0 9 4
0 .  10 4
0 .  16 4
0 .  17 4
0 .  17 4
0 . 0 1 3
0 . 0 2 8
0 . 0 5 S
0 .  08 4
0 .  13 3
0 .  16 4
0 .  10 8
0 .  14 4
0 .  16 4
0 .  01 8
0 . 0 4 8
0 .  09 4
0 . 0 5 8
0 .  06 4
0 .  10 4
0 .  0 3 4
0 . 0 4 4
0 . 0 7 4
0 . 0 6 4
0 .  0 6 4
0 .  10 4
0 .  0 6 4












19.017 1 . 10
19.013 1. 10
19.019 0.90
19.020 0 . 70
19.021 0.60
19.022 0 . 50

















19.113 0 . 70
19.114 0.65






















0 . 0 6 4
0 .  04 4
0 .  05 4
0 .  0 8 4
0 . 0 2
0 . 0 7 4
0 . 0 4 4
0 .  0 3 4
0 . 0 7 4
0 .  0 3 4
0 . 0 5
0 .  07 4
0 . 0 7 4
0 .  09 4
0 . 0 7 4
0 .  10 4
0 . 0 9 4
0 .  12 4
0 . 0 6 4
0 .  06 4
0 .  10 4
0 .  02 4
0 . 0 6 4
0 .  0 6 4
0 . 0 6 4
0 .  04 4
0 . 0 5 4
0 .  08 4
0 . 0 2 4
0 .  03 4
0 . 0 3 4
0 .  05 4
0 . 0 4 4
0 .  0 6 4
0 . 0 7 4
0 .  06 4
0 . 0 7 4
0 .  03 4
0 .  10 U.
0 .  10 4
0 . 0 8 4
0 . 0 3 4
0 . 0 2 4
0 .  07 4
0 .  10 4
0 .  09 4
0 . 0 3 3
0 .  09 4
0 .  07 4
0 .  0 7 4
0 .  16 4
0 .  13 4
0 . 1 1 . 4

























































51.050 0 . 55
0/C DEPTYPE
0 . 13 4
0.21 4
0 . 22 4
0 . 20 4
0 . 20 4











0 . 01 6
0.03 6
0 . 02 6
0.02 8





0 . 04 6
0 . 04 6
0.05 6
0 . 03 6
0.04 6
0 . 03 6
0.07 6
0 . 06 6
0.03 6
0 . 03 6
0.06 6
0 . 09 6







0 . 02 3
0 . 10 5
0 . 12 2
0.09 2
0 . 14 2
0 . 11 2
0 . 16 2
0 . 11 2




























































0 . 10 2
0 . 15 2
0 . 10 2
0 . 14 2
0.11 2




0 . 22 2
0 . 25 2
0 . 26 2
0.09 2
0 . 02 3
0 . 13 2
0.08 2
0.03 2
0 . 10 2
0.09 2
0 . 06 2
0.05 ">




0 . 10 2
0 . 14 2
0.08 2
0.09 2
0 . 06 2
0.05 2
0 . 06 2
0.09 2
0 . 13 2
0.04 2
0 . 13 2
0 . 10 2
0.07 2
0.06 2
0 . 07 2
0.06 2
0 . 03 2
0.06 2
0 . 03 2
0 . 05 2
0 . 06 2
0.06 2
0 . 15 2
0.05 2
0 . 05 2* 2
0.01 8
0.08 2







































71.600 0 . 75
71.700 1.50
72.000 1.6 5 .









0 . 07 2
0 . 02 3
0 . 03 2
0.03 30 . 17 30 . 12 30 . 16 30 . 16 30 . 13 30.17 30 . 16 30 . 22 10 . 20 10.11 10 . 24 10 . 25 30 . 21 10 . 10 30 . 06 7
0.01 7
0 . 02 70.47 I f
0.45 X
0.44 X






0 . 12 X
0 . 46 X
0 . 33 X
0.32 X
0 . 40 X
0 . 53 X
0 . 67 X
0.35 X
0 . 33 X
0.31 X
0 . 12 X
0.00 X
0 . 33 X
0.45 X
0 . 38 X
0.51 X
K E Y  F O R  D E P O S I T  T Y P E  ( D E P T Y P E ) :  1- C A N N E L ,
3 -  K U K E R S I T E ,  4 -  L A C O S I T E ,  5 -  T A S M A N I T E ,  6 ­
8 -  O I L S ,  *- H O L O C E N E  O R G A N I C  M A T T E R
2 -  B I T O S I T E ,  
T O R B A N I T E ,  7 - B I T U M E N ,
S A M - sample number
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KEY FOR COLUMN HEADINGS ON DATA TABLES:
SAM - sample number
RVMAX - mean maximum vitrinite reflectance (%)
MMF - mineral matter-free basis (% by volune)
LA - lamalginite
TEL - telalginite





B/M - bituninite and micrinite
TOTALG - total alginite (MMF)
TOTEX - total exinite (liptinite; MMF)
EX+BIT - exinite (liptinite) + bituninite (MMF)
EXFL - exinite (liptinite) fluorescence
V/IMMF - vitrinite + inertinite (not including micrinite associated with bituninite)
OSTYPE - oil shale type (see following page for descriptions)
CD - percentage C by weight on a dry mineral matter-free basis (similarly for HD, OD, ND and SD)
MM - percentage mineral matter by weight
PY - percentage pyrite by weight
OHM - percentage 'other* mineral matter by weight (i.e. MM minus PY)
CATC - atomic percentage C (similarly for HATC, QATC, NATC and SATC)
H/C - atomic ratio of H to C (similarly for O/C, N/C, S/C)
ATCN+S+O - atomic percentages of the heteroatoms N + S + 0 
N+S+O/C - atomic ratio of N+S+O to C 
SINORG - percentage by weight inorganic S
KEY FOR LIPTINITE (EXINITE) FLUORESCENCE COLOURS (MUNSELL COLOUR NOTATION); ATOMIC H/C VALUES 
GENERALLY INCREASE UITH CODB) NUMER; DOMINANT COLOUR LISTED FIRST:
1 - dull brown (7.5YR5/6, 5YR4/8) and medium yellow (5Y8/10)
2 - medium orange and bright orange (2.5Y8/10-12)
3 - bright greenish yellow (2.5GY6/10)
4 - bright yellow (5Y8/12)
5 - medium green (7.5GY6/10)
6 - medium orange (2.5Y8/10)
7 - medium orange (2.5Y8/10) and mediun yellow (5Y8/10)
8 - dull orange (2.5Y8/8, 2.5Y7/10-12)
9 - medium yellow (5Y8/10) and mediun orange (2.5Y8/10)
10 - medium greenish yellow and bright greenish yellow (2.5GY8/8-10)
11 - medium greenish yellow (2.5GY8/8)
12 - medium yellow (5Y8/10)
13 - bright green (5GY7/12)
NOTE - - missing value
- some O values calculated by difference (see Appendix 4)
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SHORT DESCRIPTIONS OF CODES USED FOR OIL SHALE TYPES IN THE DATA TABLES AM) FIGURES 
(NACERAL COMPOSITIONS ON MINERAL-FREE BASES)
1 - liptinite-rich
hunic coal -
2 - coaly cannel -
3 - torbanitic coal -
4 - bitosite -
5 - bitomarosite -
6 - lacositic shale -
7 - coaly lacosite -
8 - weathered lacosite *
9 - weathered torbanite-
10 - kukersite -
11 - lacosite -
12 - tasmanite -




NOTE - For nore details of the oil shale classification scheae, see Chapter 9
1QX<higher-plant liptinite<50X, telalginite<10X, 50%<vitrinite ♦ inertini 
50X<higher-plant liptinite<90X, telalginite<10X, 10%<vitrinite + inertini 
10X<telalginite<50X, higher-plant liptinite<50X, 10%<vitrinite + inertini 
bituninite>50X, lamalginite<50X, telalginite<50X 
50X<lamalginite<90X, 10X<bitiminite<50X, telalginite<50X 
10X<lamalginite<50X, higher-plant liptinite<50X, 50X<vitrinite + inertini 
50X<lamalginite<90X, higher-plant liptinite<50X, 10X<vitrinite + inertini 
see lacosite below 
see torbanite below
telalginite>50X, lanalginite<50Xr bituminite<10X
lamalginite>50X, higher-plant liptinite<50X, vitrinite + inertinite<10% 
telalginite>50X, lamalginite<50Xf bituminite<10X
50X<telalginite<90X, higher-plant liptinite<50Xf 10%<vitrinite + inertini 








APPENDIX 14 Elemental Data for the 'CHONS' Data Set
ROW SAM CD HD OD ND SD CAT* HAT* OAT* NAT*
1 1 . 1 2 0 72.7 10.4 2 0 . 6 2 . 8 2.5 33.3 57.5 7.2 1 . 1
2 1 . 2 0 0 74.3 9. 6 16. 3 1.7 0 . 0 36. 9 56. 3 6 . 0 0. 7
3 1.300 71.9 9.5 11.9 1.5 5.6 36.5 57.3 4. 5 0. 7
4 1.400 76. 0 1 0 . 1 12. 4 1 . 8 0 . 0 36. 7 53. 0 4.5 0. 7
5 1.500 71.3 7-9 15.8 2 . 2 4.7 39.4 52. 0 6 . 6 1 . 0
6 1.600 65. 1 8.5 14.9 1 . 8 11.3 35. 5 55. 1 6 . 1 0 . 8
7 1.700 72.9 9.0 12.3 1.9 3.7 37.9 55. 6 5.0 0.3
3 1.300 69. 9 7.9 16. 0 2. 5 5. 2 33.8 52. 2 6 . 7 1 . 2
9 1.900 6 6 . 0 9.0 18.3 1 . 6 5. 7 34.7 56. 2 7.2 0.7
1 0 1.910 35. 9 12. 7 0 . 0 1 . 0 0. 4 36. 1 63. 5 0 . 0 0. 4
1 1 2 . 0 0 0 75.6 10. 5 14.3 1 .5 1 .4 35.5 58.6 5.0 0 . 6
1 2 3. 000 74. 2 9.9 17. 1 1 .4 1 . 2 35.9 57. 0 6 . 2 0 . 6
13 4.000 73. 3 9. 5 15.0 2 . 1 1 . 6 36.8 56.4 5.6 0.9
14 6 . 0 0 0 69. 4 3.4 21.7 1.3 1.5 37. 1 53.3 8. 7 0 . 6
15 3.000 70. 6 9.5 13.8 1 . 8 2.7 35.9 57. 5 5.3 0 . 8
16 3. 100 75. 9 9. 5 11.5 1 . 8 2 . 2 38.0 56. 5 4.3 0 . 8
17 9 . 0 0 0 75.5 9. 7 1 1 . 0 2 . 0 1 .3 37. 5 57. 2 4. 1 0.9
13 9. 2 00 74.4 9.0 13. 7 2 . 0 0. 9 38. 4 55. 2 5. 3 0.9
19 9.210 71.3 9.9 14.9 1.3 2 . 1 35.4 58. 1 5. 5 0 . 6
2 0 9. 220 70.9 8 . 3 17. 4 1.9 1 .5 38. 4 53.4 7. 1 0.9
2 1 9.230 64.9 4.9 25. 9 3. 1 1 . 1 44.6 40.0 13.3 1 . 8
2 2 9.240 73.4 9. 1 15. 1 1 . 1 1.3 37. 8 55. 7 5.8 0. 5
23 9.250 75. 5 9.7 1 1 . 0 2 . 0 1 . 8 37. 5 57. 2 4.1 0.9
24 9. 260 76. 6 10. 3 10. 9 0. 7 1 .5 36.8 58.8 3. 9 0.3
25 ■=>. 270 77.6 1 0 . 6 9.6 1 . 0 1 . 2 36.6 59.4 3 . 4 0.4
26 9. 280 77. 0 9. 8 10. 5 1 .5 1 . 2 37. 9 57.4 3.9 0 . 6
27 9.300 75.3 9. 9 11.3 i. a 1 . 2 36.9 57.3 4.4 0 . 8
23 9. 310 74.9 1 0 . 2 12. 7 1 . 6 0 . 6 36. 1 58. 6 4 . 6 0 . 6
29 9.320 62.0 9.5 27. 6 0.5 0.4 31.5 57.6 1 0 . 6 0 . 2
30 9.330 76. 0 1 1 . 1 1 1 . 6 1 . 0 0. 4 34.9 60. 7 4.0 0.4
31 9.400 83.3 1 2 . 0 2. 5 1 .4 0 . a 36. 3 62.2 0 . 8 0. 5
32 1 0 . 0 0 0 74. 7 9. 9 1 1 . 6 1.7 0 . 2 36.9 58. 1 4.3 0. 7
33 1 0 . 0 1 0 72.3 3.6 17.8 1 . 2 0.3 38.2 54. 1 7. 1 0. 5
34 1 0 . 1 0 0 85.3 12.3 0. 7 0 . 8 0 .4 36.8 62. 7 0 . 2 0. 3
35 1 0 . 1 1 0 85.4 1 2 . 8 0. 7 0.9 0 . 2 35.7 63. 7 0 . 2 0.3
36 1 0 . 1 2 0 84. 7 13. 0 0 .9 1 . 0 0 .4 35. 2 64. 2 0.3 0. 4
37 10.130 85.3 1 2 . 6 0. 5 . 1 - 1 0.5 36.0 63.3 0 . 2 0.4
38 10.140 85.6 12. 3 0. 3 1 . 2 0. 5 36. 7 62. 7 0 . 1 0. 4
39 1 0 . 2 0 0 75.9 10. 4 10.3 1 .7 1 . 2 36. 2 59.0 3.9 0. 7
40 1 0 . 2 1 0 69. 0 6 . 0 20. 9 2 . a 0 .9 43. 4 45.0 9 . 9 1 .5
41 1 0 . 2 2 0 82. 7 12.4 3 . 3 0.9 0 .7 35.4 63. 1 1 . 1 0. 3
42 10.230 82. 2 1 1 . 2 3. 6 1.4 1.7 37. 3 60.6 1.3 0. 5
43 1 1 . 0 0 0 73.3 9.6 . 17.0 1.4 1.4 36.3 56. 5 6 . 3 0 . 6
44 1 1 . 1 0 0 74.8 10.3 16.6 1.5 0 . 8 35. 4 58. 0 5.9 0 . 6
45 1 1 . 2 0 0 71.7 8 . 6 2 0 . 0 2 . 0 1.2 37,5 53. 5 7.9 0.9
46 > 1 2 . 0 0 0 70. 9 7. 7 18. 8 2 . 1 2 . 0 39.6 51.1 7.9 1 . 0
47 1 2 . 1 0 0 76. 1 8 . 8 12.4 2. 3 0 . 0 39.6 54.5 4.8 1 . 0
43 13.000 81.6 9.6 1 0 . 2 2. 5 2. 7 39. 5 55. 3 3. 7 1 . 0
49 14.000 71.6 9. 5 14.2 1.4 1.4 36. 4 57. 4 5.4 0 . 6
50 14.010 60. 6 7. 7 14.2 1 . 0 4.8 36.6 55. 3 6 . 4 0. 5
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Appendix 14 continued
ROW SAM CD HD 00
51 14.020 7 1 .3 9 .4 15.5
52 14.030 69. 1 9 .4 12.3
53 14.040 68. 3 3. 6 14.9
54 14.050 50.4 6. 1 11.1
55 14.060 73. 3 10.0 9. 5
56 14.100 83. S 11.3 3. 2
57 14.110 85. 9 11.6 1.4
58 14.120 85. 1 12. 1 1.3
59 14.130 86. 1 11.3 1.5
60 14.200 74. 1 9 .6 13.3
61 14.210 71.5 7. 3 17.3
62 14.220 79.4 11.4 7.6
63 14.230 32. 3 11.4 4. 1
64 15.000 6 6 .8 5 .3 25. 2
65 15.010 67. 9 5. 7 23. 5
66 15.020 65 .6 10. 8 25.6
67 15.030 75. 3 9. 1 11.9
68 15.040 72.5 9 . 2 14.0
69 15.100 82. 0 10. a 5 .6
70 15.110 8 4 .7 11.8 1.7
71 15.200 76. 2 8 .6 11.0
72 15.210 82 .9 11.1 2 .0
73 16.000 77. 5 9. 1 8 .3
74 16.010 72.9 9 . 0 9. 1
75 16.020 70. 0 8 .2 9. 4
76 16.030 70. 2 7 .9 15. 1
77 16.040 68 .9 6. 7 15.4
78 16.050 72.4 5. 7 16. 1
79 16.100 85. 3 12. 1 1 .0
80 16.110 83. 7 11.2 2.6
81 16.120 84. 0 10. 5 5 .2
82 16.200 78.8 9 . 5 9 .0
83 16.210 74. 5 10. 6 13. 2
84 17.100 73.0 8 .4 15.6
35 17.110 77. 5 10. 7 9 .9
86 17.200 73. 8 9 . 0 14. 1
87 17.210 72. 9 7. 1 15. 3
88 17.220 85. 1 11.-9 1.3
89 17.230 72.9 7: 1 4 .3
90 17.300 77. 3 10.4 9 .6
91 17.310 80. 6 11.5 5.5
92 18.000 77. 4 10. 4 6 .3
93 19.000 76. 5 10. 0 10. 3
94 19.001 75. 9 9. 1 3 .4
95 19.002 80. 9 8. 6 4 .4
96 19.003 82. 7 4. 1 3 .3
97 19.310 8 1 .2 10. 5 3. 7
98 19.950 77 .4 10.0 8 .9
99 19.960 82. 9 11.2 2.3
100 20.000 79. 9 11.3 9.1
ND SD CAT* HAT* OAT* NAT*
. 0 1.4 36. 4 57. 0 5. 9 0. 4
. 2 3.3 35.9 58.0 4.3 0.5
. 3 1.2 37.4 55.6 6. 1 0.6
. 3 5.9 37. 4 53.9 6. 2 0.3
. 7 0. 5 38.0 57. 7 3. 5 0. 7
. 1 0.5 36. S 61.6 1 . 1 0.4
. 3 0. 5 33.0 61.0 0. 5 0. 5
. 1 0.4 36. 3 62.3 0.4 0.4
. 9 0.6 33. 7 60. 4 0.5 0. 3
. 6 0.9 37.0 57. 0 5. 2 0. 7
. 4 1.5 41.1 50.0 7. 5 1.2
_ 2 0.4 35. 7 61.1 2.6 0. 5
. 1 0. 5 37. 1 60.9 1.4 0. 4
. 2 0. 5 42.6 44.0 12. 1 1.2
. 1 0.8 43. 7 43.6 11.3 1.2
. 3 0.5 30. 5 59. 6 3.9 0.9
. 2 1.5 38.6 55. 5 4.6 1.0
.2 2. 1 37.2 56. 1 5. 4 1.0
. 0 0. 6 38.0 59. 5 1.9 0. 4
. 2 0.6 37.2 61.7 0.6 0.5
. 7 1.4 40. 2 54.0 4.4 1.2
. 5 2.5 37. a 60.4 0. 7 0.6
. 3 2.5 39. a 55.5 3.2 1.0
. 3 0.4 38.5 56. 5 3. 6 1.3
. 9 4.2 39. 4 54.9 4.0 0.9
. 9 5. 1 39. 2 52. 5 6.3 0.9
. 7 6.6 41.3 48. 3 7.0 1.4
. 9 1.4 46.6 43.7 7. a 1.6
. 5 0. 5 36. 9 62. 2 0. 3 0.6
. 4 0.6 33.0 60.5 0.9 0.5
. 4 0.6 39. 2 5S. 3 1.3 0. 6
. 4 0.2 39. 2 56.3 3. 3 1.0
. 2 0. 5 35. 1 59.6 4. 7 0.5
. 2 0. a 39.0 53.5 6.3 1.0
. 3 0.5 36. 2 59. 7 3. 5 0. 5
. 1 1.0 38. 1 55. 4 5. 5 0.9
. 3 1.4 42. 3 49. 1 6. 7 1.7
. 2 0.5 37. 1 61.9 0.4 0. 5
. 6 0. 6 44.9 52. 1 2.0 0. 3
. 0 0.7 36. S 58.9 3.4 0.3
. 2 1.2 36. 1 61.4 1.8 0. 5
. 3 4.0 36.9 59.0 2.4 0.9
. 6 2.6 37. 4 53. 1 3.3 0. 3
. 9 2.6 39.0 55.6 3.2 1.7
. 3 2. 3 42.4 53. 7 1.7 1.7
. 7 3.2 58.9 34.7 4.4 1.0
. 8 1.8 38. 3 58. 9 1.3 1. 1
. 6 1 . 1 37.6 57.9 3.3 1. 1
. 6 0.6 37. 5 60.4 1.0 1.0





















































ROW SAM CD HD OD
101 20.300 77.5 10. 5 7. 2
102 21.000 76. 2 10. 5 6. 9
103 22.000 63.6 7 .8 14.9
104 23.000 73. 2 8. 9 12. 4
105 24.000 74. 5 9. 1 11.3
106 25.000 74.9 9. a 15.2
107 26.400 69.3 8 .3 18.0
108 34.020 85. 1 7 .8 5 .9
109 34.200 84.9 12.2 1.9
110 35.000 79.9 9. 6 7 .9
111 36.000 81.7 10.4 a. i
112 37.100 84.8 9. 8 3. 1
113 37.110 85. 6 11.5 i . a
114 39.000 86. 1 11.0 0 .9
115 39.200 85.5 10.4 2. 5
116 39.210 84.2 11.9 2 .8
117 40 .3 00 80.8 9 . 8 7 .3
118 40.310 83. 0 11.4 4 .2
119 43.000 32.2 9 . 9 4. 1
120 46.000 78. 7 9. 9 a. 5
121 47.000 82.3 11.0 2 .0
122 47.300 75. 9 9. 4 8. 8
123 47.500 78.4 10.0 7. 4
124 47.510 84.4 10. 7 1.7
125 49.000 73.9 7 .6 11.8
126 50.000 76.4 8. 1 9. 1
127 51.000 71.2 7. 1 13.6
128 51.010 72. a 7. 7 10. 9
129 51.020 69.8 7. 1 14. 1
130 51.030 74.5 7 .0 10. 3
131 51.040 77. 1 7 .8 7. 1
132 51.050 58.2 2. 7 32. 2
133 51.100 74.6 8 . 0 9 .8
134 51.400 74.2 7. 5 11.3
135 51.410 81.3 9 .9 3 .4
136 51.500 78.0 8. 1 8. 3
137 51.510 82. 6 10. 0 • 5 .7
138 52.040 77.6 7 ' a 9. 5
139 52.050 83.3 9 .9 2 .3
140 52.401 72.6 7 .9 12.4
141 52.402 85.4 7. 1 5 .0
142 54.300 82.9 9 . 0 5 .7
143 54.310 85.3 10. 9 1 .5
144 55.200 80. 9 7. 1 7 .9
145 55.210 84.5 9 . 7 2 .0
146 55.300 80. 7 6 .9 8. 1
147 55.310 83.  2 9 . 5 3 .7
148 56.000 74.3 9. 1 16.7
149 57.100 73. 5 8 .3 15.6
150 58.000 66.6 6. 2 19. 7
SD CAT* HAT* QAT* NAT*
0 . 0 37 .0 59 .7 2 . 6 0 . 7
6 .0 36. 3 59. 5 2 . 5 0. 7
0 .2 39.4 53 .3 6 . 4 0 . 8
0 . 0 38. 5 55. 7 4 . 9 0 . 9
0 . 0 38. 7 56 .2 4 .4 0 . 8
0. 4 36. 7 57. 1 5. 6 0 . 6
1 . a 37. 6 53. 5 7. 3 1 .2
1.7 46. 2 50. 4 2. 4 0. 7
0 . 6 36 .6 6 2 .5 0 . 6 0. 1
1 .2 39. 7 56. a 2 . 9 0. 3
1 .5 38 .4 58. 1 2 .9 0 . 4
1. 1 41 .3 56 .9 1. 1 0. 5
0. 6 38. 1 6 1 .0 0 . 6 0. 2
1 .0 39. 3 59. a 0. 3 0. 4
0 . 6 40. 2 58 .3 0 . 9 0.  5
0. 5 36. 8 62. 0 0. 9 0. 2
1 .0 39. 5 57. 1 2. 7 0 . 5
0. 7 37 .3 6 1 .0 1.4 0. 3
2 .5 40. 1 5 7 .4 1.5 0. 5
0. 0 38. 5 5 7 .6 3. 1 0. 7
4 . 0 3 8 .0 60. 4 0. 7 0 . 3
3. a 38. 4 5 6 .6 3. 3 0 . 9
3 . 0 38. 2 5 8 .0 2. 7 0 . 5
2. 5 39. 3 59. 3 0 . 6 0. 3
5 .6 41 .7 5 1 .0 5 . 0 1. 1
1 .0 42. 1 53. 1 3 . 8 0. 9
5 .5 41 . a 4 9 .6 6 . 0 1.4
6 . 2 41.1 5 1 .3 4 . 6 1.2
6 . 5 41 .2 49. 8 6. 2 1 .3
5. 5 43. 9 49. 0 4. a 1 .2
5. 5 4 3 .0 5 1 .7 3 . 0 1.2
1.7 48. 7 2 6 .9 20. 2 3 . 7
5 .4 41 .2 5 2 .6 4. 1 1 .0
4 . 6 42 .2 50. a 4 . 8 1.2
4 . 2 39 .8 57 .7 1.2 0. 5
2 .8 42 .3 52. 4 3 .4 1.3
0 . 3 39. 9 57. 5 2. 1 0 . 5
2. 8 43. 0 5 1 .5 3. 9 1. 1
3 .4 4 0 .6 57 .4 0 . 8 0. 5
4. 9 4 0 .4 5 2 .3 5. 2 1 .0
0 .2 4 8 .6 48.  1 2. 1 1. 1
* * * X *
1.4 3 9 .2 5 9 .7 0. 5 0. 4
1 .4 46. 5 48.  5 3. 4 1 .4
2 . 3 4 1 .5 56.  7 0 . 8 0 . 6
1 .7 4 6 .9 47.  a 3. 6 1 .3
2 . 3 4 1 .4 5 6 .2 1 .4 0 . 6
1 .9 37. 9 55. 2 6. 4 0. 1
2 . 2 39. 7 5 3 .3 6 . 3 0.  2






















































ROW SAM CD HD OD ND SD CAT* HAT* OAT* NAT*
151 59 .0 00 69. 1 5 .9 18. 7 1 .6 6. 1 44. 0 44. 7 8. 9 0 .9
152 6 3 .0 00 73 .6 7 .5 11.2 1. 1 1 .6 44. 2 50.2 4 . 7 0. 5
153 63.100 69. 0 6. 5 21 .7 0. 9 1 .9 42. 0 47. 2 9. 9 0 .4
154 6 3 .1 10 67. 3 9 . 0 22. 1 0. 2 1 .5 35. 1 55. 9 8 . 6 0. 1
155 6 3 .2 00 70. 6 6 . 0 19. 6 2. 2 1 .5 44.3 44 .3 9. 3 1.2
156 6 3 .2 10 77.3 10 .3 10.3 0 . 8 0 . 8 37 .2 58. 7 3. 7 0 .3
157 6 6 .0 00 82. 7 11.2 6 . 0 0.  1 1. 1 37. 4 60. 3 2 .0 0. 0
153 6 7 .0 00 85 .6 10.0 1.0 3 . 3 0. 5 41.1 57. 1 0. 4 1 .4
159 6 3 .0 10 82. 5 4. 9 2 .3 1 .0 7. 5 56. 4 39. 9 1 .2 0 .6
160 6 9 .0 00 45 .4 6. 1 28.6 14.0 0. 7 29. 9 47. 3 14.2 7 .9
161 6 9 .1 00 48. 9 7. 1 29. 6 13. 2 0. 5 29. 3 50. 5 13. 3 6. 8
162 6 9 .2 00 49 .7 6. 7 29 .0 13.0 0. 7 30.6 49 .0 13. 4 6 .9
163 6 9 .3 00 51.4 6 . 8 27. 7 13. 2 0. 7 31.2 49. 1 12.6 6 .9
164 6 9 .4 00 77. 1 11.0 11.3 0. 4 0 . 3 35. 5 6 0 .3 3. 9 0 .2
165 6 9 .4 10 83.4 11.6 4 . 3 0. 6 0. 2 37. 0 61.3 1.4 0. 2
166 70.000 52 .5 6 . 9 28.4 11.3 0 . 8 31.7 49.5 12.9 5 .8
167 70 .1 00 50. 5 6. 9 30. 7 11.0 0. 6 30. 6 49. 7 13. 9 5. 7
16S 7 2 .0 00 44.0 6 . 0 50.0 X X X X X X
169 7 2 .1 00 63.0 5 . 0 31.6 0. 3 0. 1 43. 0 40 .6 16. 2 0. 2
170 7 2 .2 00 53.0 7 .0 22.0 17.0 1 .0 31.6 49. 6 9. 8 8 .7
171 72 .3 00 76. 0 12. 0 12. 0 X * X X
X *
172 72.400 85.0 13.0 0. 5 0 . 5 1 .0 35. 3 64.2 0 .2 0. 2
173 73 .0 00 45. 0 5. 0 23. 0 2. 1 0. 2 36.4 48. 1 14. 0 1 .5
174 73.100 20. 0 2 . 7 12.0 1. 1 0 .4 32. 2 51.6 14.5 1.5
175 73.200 50. 0 4. 3 25. 0 1 .3 0. 5 41 .3 42. 2 15. 5 0. 9
176 73.300 50.0 6. 2 34 .0 2 . 6 0 . 3 33 .0 48 .6 16.8 1.5
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Appendix 14 continued
ROW SAT* H/C o/c
1 0.4 1.70 0 . 21
2 0 . 0 1.55 0 . 16
3 1.1 1.65 0 . 12
4 0.0 1.60 0 . 12
5 1.0 1.30 0 . 17
6 2. 4 1.55 0 . 17
7 0.7 1.45 0 . 13
3 1. 1 1.35 0 . 17
9 1.1 1.60 0.21
10 0 . 1 1.75 0 . 00
11 0.2 1.65 0 . 14
12 0.2 1.60 0 . 17
13 0.3 1.55 0 . 15
14 0.3 1.45 0.24
15 0.5 1.60 0 . 15
16 0.4 1.50 0.11
17 0.3 1.55 0.11
13 0 . 2 1.45 0 . 14
19 0 . 4 1.65 0 . 16
20 0.3 1.40 0 . 13
21 0.3 0.90 0.30
22 0.3 1.45 0 . 15
23 0.3 1.55 0.11
24 0.3 1.60 0 . 11
25 0.2 1.60 0 . 09
26 0.2 1.50 0 . 10
27 0.2 1.55 0 . 12
23 0 . 1 1.60 0 . 13
29 0 . 1 1.35 0 . 34
30 0 . 1 1.75 0 . 11
31 0 . 1 1.70 0.02
32 0 . 0 1.55 0 . 12
33 0 . 1 1.40 0 . 12
34 0 . 1 1.70 0 . 01
35 0.0 1.30 0.01
36 0 . 1 1.30 0 . 01
37 0 . 1 1.75 0 . 01
33 0 . 1 1.70 0.01
39 0.2 1.65 0 . 11
40 0 . 2 1.05 0 . 23
41 0 . 1 1.30 0.03
42 0 . 3 1.60 0 . 03
43 0.3 1.55 0 . 17
44 0 . 1 1.65 0 . 17
45 0.2 1.45 0.21
46 0 . 4 1.30 0.20
N/C S/C DEPTYPE
0 . 03 0.01 4
0.02 0.00 4
0.02 0.03 4
0 . 02 0 . 00 4
0 . 03 0.03 4
0 . 02 0.07 4
0.02 0.02 4




0.02 0 . 01 4
0.02 0.01 4
0 . 02 0.01 4
0.02 0.01 4
0 . 02 0 . 01 4
0.02 0.01 4
0 . 02 0.01 4
0.02 0.01 4
0.02 0 . 01 4
0 . 04 0.01 4
0 . 01 0.01 4
0.02 0.01 4
0 . 01 0.01 4
0 . 01 0.01 4
0.02 0.01 4
0.02 0.01 4
0 . 02 0 . 00 4
0.01 0 . 00 3
0.01 0 . 00 3
0.01 0.00 3
0.02 0 . 00 4
0.01 0 . 00 4
0 . 01 0.00 3
0 . 01 0.00 3













RO'J SAT% H/C O/C
47 0.0 1.40 0 . 12
43 0 . 5 1.40 0.09
49 0.3 1.60 0 . 15
50 1. 1 1.50 0 . 18
51 0.3 1.60 0 . 17
52 0.7 1.60 0 . 13
53 0 . 2 1.50 0 . 16
54 1.6 1.45 0 . 17
55 0 . 1 1.50 0.09
56 0 . 1 1.65 0.03
57 0 . 1 1.60 0.01
58 0 . 1 1.70 0.01
59 0 . 1 1.55 0.01
60 0 . 2 1.55 0 . 14
61 0.3 1.20 0 . 18
62 0 . 1 1.70 0.07
63 0 . 1 1.65 0 . 04
64 0 . 1 1.05 0.28
65 0.2 1.00 0 . 26
66 0 . 1 1. 10 0.29
67 0.3 1.45 0 . 12
68 0.4 1.50 0 . 14
69 0 . 1 1.55 0.05
70 0 . 1 1.65 0.02
71 0 . 3 1.35 0.11
72 0.4 1.60 0.02
73 0.5 1.40 0.08
74 0 . 1 1.45 0.09
75 0.9 1.40 0 . 10
76 1. 1 1.30 0 . 16
77 1.5 1. 15 0 . 17
78 0 . 3 0.95 0 . 17
79 0 . 1 1.70 0.01
30 0 . 1 1.60 0.02
81 0 . 1 1.50 0.05
82 0 . 1 1.45 0 . 08
83 0 . 1 1.70 0 . 13
34 0 . 1 1.35 0 . 16
85 0 . 1 1.65 0 . 10
86 0.2 1.45 0 . 14
87 0 . 3 1. 15 0 . 16
83 0 . 1 1.65 0.01
39 0 . 1 1. 15 0.04
90 0 . 1 1.60 0 . 09
91 0 . 2 1.70 0 . 05
92 0 . 7 1.60 0 . 06
93 0 . 5 1.55 0 . 10
94 0 . 5 1.45 0.08
95 0 . 5 1.25 0 . 04
N/C S/C DEPTYPE
0 03 0 . 00 4
0.03 0.01 4
0.02 0.01 4
0.01 0 . 03 4
0.01 0 . 01 4
0.01 0 . 02 4
0.02 0 . 01 4
0 . 02 0.04 4
0.02 0.00 4
0.01 0.00 3
0 . 01 0.00 3
0.01 0 . 00 8




0.01 0 . 00 8
0 . 03 0 . 00 4
0.03 0 . 00 4
0.03 0.00 4
0.03 0 . 01 4
0.03 0.01 4
0 . 01 0.00 8
0.01 0 . 00 8
0 . 03 0 . 01 4
0.02 0 . 01 8
0.03 0.01 4
0.03 0 . 00 4
0.02 0.02 4
0.02 0.03 4
0.03 0 . 04 4
0.03 0.01 4
0 . 02 0 . 00 8
0 . 01 0 . 00 8
0.02 0.00 3
0 . 03 0.00 4
0 . 01 0 . 00 a
0 . 03 0.00 4




0 . 02 0 . 00 8
0.02 0 . 00 4
0 . 01 0.01 3
0 . 02 0.02 4
0 . 01 0 . 01 4
0.04 0.01 4




96 0.9 0 . 60 0
97 0 . 3 1.55 0
98 0 . 2 1.55 0
99 0 . 1 1.60 0
100 0 . 1 1.70 0
101 0.0 1.60 0
102 1. 1 1.65 0
103 0.0 1.35 0
104 0.0 1.45 0
105 0.0 1.45 0
106 0 . 1 1.55 0
107 0.4 1.40 0
108 0.3 1. 10 0
109 0 . 1 1.70 0
110 0 . 2 1.45 0
111 0.3 1.50 0
112 0 . 2 1.40 0
113 0 . 1 1.60 0
114 0 . 2 1.50 0
115 0 . 1 1.45 0
116 0 . 1 1.70 0
117 0.2 1.45 0
118 0 . 1 1.65 0
119 0 . 5 1.45 0
120 0.0 1.50 0
121 0 . 7 1.60 0
122 0 . 7 1.45 0
123 0 . 5 1.50 0
124 0 . 4 1.50 0
125 1.2 1.20 0
126 0 . 2 1.25 0
127 1.2 1.20 0
128 1.3 1.25 0
129 1.4 1.20 0
130 1.2 1. 10 0
131 1.1 1.20 0
132 0 . 5 . 0 . 55 0
133 1. 1 1.30 0
134 1.0 1.20 0
135 0.8 1.45 0
136 0.6 1.25 0
137 0 . 1 1.45 0
138 0 . 6 1.20 0
139 0 . 6 1.40 0
140 1.0 1.30 0
141 0.0 1 00 0
142 1.30 0
143 0 . 2 1 50 0
144 0 . 3 1 05 0
N/C S/C DEPTYPE
0.02 0.02 4
0 . 03 0.01 4
0 . 03 0 . 01 4
0.03 0 . 00 a
0.02 0 . 00 4
0.02 0.00 4
0.02 0.03 4
0 . 02 0.00 4
0 . 02 0 . 00 4
0.02 0.00 4
0 . 02 0 . 00 4
0.03 0.01 4
0 . 02 0.01 6
0.00 0.00 8




0 . 01 0.01 6
0.01 0.00 6
0 . 01 0 . 00 8
0.01 0.01 6
0 . 01 0.00 8
0.01 0 . 01 6
0 . 02 0.00 5
0.01 0.02 5




0 . 02 0.00 2
0.03 0 . 03 2
0 . 03 0 . 03 2
0.03 0.03 2
0 . 03 0.03 2
0.03 0.03 2
0 . 08 0 . 01 2
0.02 0.03 2
0 . 03 0.02 2
0.01 0.02 8
0 . 03 0.01 2
0.01 0 . 00 a
0 . 03 0 . 01 2
0.01 0.01 a

























































ROW SAT* H/C O/C N/C S/C DEPTYPE
145 0 . 4 1.35 0 . 02 0.01 0.01 a
146 0 . 3 1.00 0 . 03 0.03 0 . 01 2
147 0 . 4 1.35 0 . 03 0 . 01 0.01 a
148 0.4 1.45 0 . 17 0 . 00 0.01 3
149 0 . 4 1.35 0 . 16 0 . 01 0 . 01 3
150 0.8 1. 10 0 . 22 0.00 0.02 1
151 1.5 1.00 0 . 20 0 . 02 0 . 03 1
152 0.3 1. 15 0.11 0 . 01 0.01 1
153 0.4 1. 10 0 . 24 0 . 01 0.01 1
154 0.3 1.60 0.25 0.00 0.01 3
155 0.4 1.00 0 . 21 0 . 03 0 . 01 1
156 0 . 1 1.60 0 . 10 0.01 0.00 8
157 0 . 2 1.60 0 . 06 0 . 00 0 . 01 7
153 0 . 1 1.40 0.01 0 . 03 0.00 7
159 1.9 0 . 70 0.02 0 . 01 0.03 7
160 0.2 1.60 0 . 47 0 . 26 0 . 01 9
161 0 . 1 1.75 0 . 45 0 . 23 0 . 03 9
162 0.2 1.60 0.44 0 . 23 0 . 01 9
163 0.2 1.55 0 . 40 0 . 22 0 . 01 9
164 0 . 1 1.70 0.11 0.01 0.00 9
165 0 . 1 1.65 0.04 0.01 0 . 00 8
166 0 . 2 1.55 0.41 0 . 13 0.01 9
167 0 . 1 1.60 0 . 46 0 . 19 0 . 00 9
168 * 1.65 0.85 X X 9
169 0 . 0 0 . 95 0 . 38 0 . 00 0 . 00 9
170 0 . 2 1.55 0.31 0 . 28 0.01 9
171 X 1.90 0 . 12 X X 9
172 0 . 2 1.80 0 . 00 0.01 0.01 9
173 0 . 1 1.30 0 . 33 0.04 0.00 9
174 0 . 2 1.60 0.45 0 . 05 0 . 01 9
175 0 . 2 1.00 0 . 38 0 . 02 0 . 00 9
176 0 . 1 1.45 0 . 51 0.05 0.00 9
KEY FOR DEPOSIT TYPE : 1- CANNEL 2- BITOSITE (MIXED OIL SHALE)
3- KUKERSITE 4- LACOSITE (LAMOSITE) 5- TASMANITE 6- TORBANITE
7- BITUMEN 8- OILS 9 - HOLOCENE ORGANIC MATTER
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APPENDIX 15 Elemental and Petrographic Data for the 'CHONSPET' Data Set
ROW SAM RVMAX LAMMF 7ELMMF 3/RMMF LDMMF 3PMMF CTMMF 55MMF S/MMMF
1 1 . 10 0.24 83 4 2 0 0 0 0
2 1.20 0. 20 86 7 0 0 0 0 0 0
3 1.30 0.22 100 0 0 0 0 0 0 0
4 1.40 0. 30 97 3 0 0 0 0 0 0
5 1 .50 0.34 59 18 0 0 0 0 0 0
6 1.60 X X X * X ■,f * * *
7 1.70 0.34 84 0 0 0 0 0 0 0
a 1.80 0. 28 85 3 0 0 0 0 0 0
9 1.90 0. 28 38 4 0 0 0 0 0 0
10 1.91 0. 23 93 0 0 0 0 0 0 0
11 2.00 0. 26 100 0 0 0 0 0 0 0
12 3.00 0.30 94 1 0 0 0 0 0 0
13 4.00 X 91 0 0 0 0 0 0 0
14 6.00 0. 50 96 0 0 4 0 0 0 0
15 8.00 0. 22 96 0 2 2 0 0 0 0
16 8. 10 0. 22 96 0 2 2 0 0 0 0
17 9. 30 0.26 94 0 0 0 0 0 0 0
ia 9. 31 0. 27 100 0 0 0 0 0 0 0
19 10. 20 0.32 96 1 0 0 0 0 0 0
20 10. 21 0. 32 36 0 5 0 2 0 0 0
21 11.00 0.37 72 3 3 17 0 0 0 0
22 11.10 0. 20 22 78 0 0 0 0 0 0
23 11.20 X * X X X * X * X
24 12. 00 X 17 6 0 22 0 0 0 0
25 12. 10 0. 43 86 0 0 0 0 0 0 0
26 13 00 0. 25 67 0 7 4 0 0 0 0
27 14 20 0. 18 88 12 0 0 0 0 0 0
28 14.21 0.40 64 0 2 0 0 0 0 029 15. 20 0.40 81 6 0 0 0 0 0 0
30 16. 20 0.30 94 3 0 0 0 0 0 031 17. 10 0. 31 85 8 0 0 0 0 0 0
32 17. 20 0.31 91 0 0 0 0 0 0 033 17. 21 0.37 72 0 0 0 0 0 0 034 17.30 0. 27 94 3 0 0 0 0 0 035 18.00 0. 19 97 0 0 0 0 0 0 036 19.95 0. 19 75 20 0 0 0 0 0 037 20.00 0.29 95 0 1 2 0 0 0 038 20.30 0.25 99 0 0 0 0 0 0 039 21.00 0. 36 95 0 1 2 0 0 0 040 22.00 0.31 78 5 0 4 0 0 0 041 23.00 0.27 85 6 0 3 0 0 0 042 24.00 0.32 88 2 0 2 0 0 0 043 25. 00 0. 30 91 5 0 2 0 0 0 044 34.00 0. 29 0 39 0 1 2 0 0 045 34.20 X * ' X X * X * * *
46 35. 00 0. 53 0 90 0 1 1 0 0 047 36.00 0.40 0 99 0 0 0 0 0 048 37. 10 0.40 0 87 0 0 3 0 0 049 39. 20 0.32 0 88 0 0 1 0 0 050 40. 30 0. 27 0 30 0 0 3 0 0 051 46.00 0.32 0 90 0 3 0 0 0 652' 47.50 0. 52 0 100 0 0 0 0 0 053 49.00 0. 50 9 0 0 6 0 0 0 8554 50.00 0. 50 44 23 0 9 0 0 0 2255 51.40 0. 50 5 0 0 0 0 0 0 9356 51.50 0. 41 56 0 28 0 0 0 0 1757 52.04 0.46 11 0 0 0 0 0 0 8458 54.30 0.46 0 0 7 . 0 3 0 0 8759 55.20 0.34 25 1 0 0 0 0 0 6060 55.30 0. 35 0 0 0 0 0 0 0 9661 56.00 0.32 0 99 0 1 0 0 0 062 58.00 0. 23 0 0 0 38 12 0 25 063 59.00 0. 53 0 0 8 5 0 8 0 064 63.10 ' 0. 44 0 0 6 31 16 1 4 065 63.20 0.41 0 0 15 4 1 4 0 066 66.00 • 0 0 100 0 0 0 0 067 69.40 X X X X X X X X X
338
Appendix 15 continued
ROW TOTALG TOTEX EX+BIT EXFL
1 92 96 96 6
2 93 93 93 6
3 100 100 100 12
4 100 100 100 6
5 77 77 77 6
6 . * * * *
7 34 34 84 6
a aa 88 88 6
9 92 92 92 12
10 93 93 93 6
11 100 100 100 12
12 95 95 95 6
13 91 91 91 5
14 9 a 100 100 6
15 96 100 100 6
16 96 100 100 6
17 94 94 94 7
18 100 100 100 7
19 97 97 97 9
20 36 43 43 7
21 75 95 95 9
22 100 100 100 9
23 * * n *
24 23 45 45 6
25 36 86 86 6
2 6 67 78 78 6
27 100 100 100 1 1
28 64 66 66 6
29 87 87 87 6
30 97 97 97 6
31 93 93 93 7
32 91 91 91 7
33 72 72 72 7
34 97 97 97 7
35 97 97 97 10
36 95 95 95 10
37 9* 98 93 6
38 99 99 99 a
,?9 95 98 98 a
40 83 87 87 n
41 91 94 94 6
42 90 92 92 5





46 90 92 92 4
47 99 99 99 4
48 87 90 90 2
49 88 89 89 2
50 80 83 83 3
51 90 93 99 3
52 100 100 100 4
53 9 15 100 1
54 67 76 98 6
55 5 5 98 1
56 56 34 101 11
57 11 11 95 1
53 0 10 97 1
59 26 26 86 1
60 n 0 96 1
61 99 100 100 O
62 0 75 75 7
63 0 21 21 120 58 58 10
65 0 24 24 7
66 0 100 100 7
67 * * 13
OSTYPE CD HD CD ND
11 72.7 10.4 20.6 2. 8
11 74. a 9. 6 16. 3 1.7
11 71.9 9.5 11.9 1.5
11 76.0 10. 1 12. 4 1.8
7 71.3 7.9 15.8 2.2
;r 65. 1 8. 5 14. 9 1.8
7 72.9 9.0 12.3 1.9
7 69.9 7. 9 16.0 2.5
11 66.0 9.0 18. 3 1.6
15 85. 9 12. 7 0. 0 1.0
11 75.6 10. 5 14.3 1.5
11 74.2 9. 9 17. 1 1.4
11 73. 8 9. 5 15.0 2. 1
a 69. 4 8. 4 21.7 1.3
i  i 70.6 9.5 13.8 1.8
n 75.9 9.5 11.5 1.8
i  i 75. 3 9.9 11.8 1. a
n 74.9 10. 2 12. 7 1.6
n 75.9 10.4 10.8 1.7
6 69.0 6.0 20.9 2.8
11 73. 3 9.6 17.0 1.4
13 74. a 10.3 16. 6 1.5* 71.7 8.6 20.0 2.0
6 70.9 7. 7 18. 8 2. 1
7 76. 1 8.8 12.4 2. 3
7 81.6 9.6 10. 2 2. 5
11 74. 1 9.6 13.3 1.6
7 71.5 7. 3 17. 3 2. 4
7 76.2 8.6 11.0 2. 7
11 78. 8 9. 5 9.0 2.4
11 73.0 8.4 15.6 2.2
11 73. 8 9.0 14. 1 2. 1
7 72.9 7. 1 15.3 3.3
11 77. 3 10.4 9.6 2.0
11 77. 4 10.4 6.8 2.3
11 77.4 10. 0 8.9 2. 6
11 79.9 11.3 9. 1 i . a
11 77. 5 10. 5 7. 2 1.8
11 76.2 10.5 6.9 1 . 6
7 68. 6 7. 8 14. 9 1.7
11 73.2 8.9 12.4 1 . 9
11 74.5 9. 1 11.3 1.7
11 74.9 9.8 15. 2 1 . 4
3 85. 1 7. 8 5.9 1.5
15 34.9 12.2 1.9 0.4
9 79. 9 9.6 7.9 0.8
13 81 . 7 10.4 8. 1 1.0
13 84.8 9. 8 3. 1 1.2
13 85.5 10.4 2.5 1 . 1
13 80.8 9. 8 7. 3 1. 1
12 78.7 9.9 8.5 1 . 7
12 78.4 10.0 7.4 1.2
4 73.9 7.6 11. S 2.2
5 76.4 8. 1 9. 1 1.9
4 74.2 7.5 11.3 2.4
5 78.0 a. l 8.3 2.8
4 77.6 7.8 9.5 2.2
4 82. 9 9.0 5. 7 2.4
4 80. 9 7. 1 7.9 2.8
4 80. 7 6 .9 a. i 2.7
10 74.3 9. 1 16.7 0.3
2 66. 6 6. 2 19. 7 0.4
1 69. 1 5.9 18.7 1.6
2 69.0 6. 5 21.7 0.9
1 70.6 6.0 19.6 2.2
14 82. 7 11.2 6.0 0. 1





































































RO W S D MM P Y O M M C A T * H A T * O A T * N A T * S A T * H / C
1 2 . 5 2 1 . 3 8 . 6 1 2 . 7 3 3 . 3 5 7 . 5 7 . 2 1 . 1 0 . 4 1 . 7 0
2 0 . 0 8 . 0 3 . 4 4 . 6 3 7 . 0 5 6 . 2 6 . 1 0 . 7 0 . 0 1 . 5 0
3 5 . 6 2 2 . 5 1 3 . 7 8 . 8 3 6 . 3 5 7 . 4 4 . 5 0 . 7 1 . 1 1 . 6 0
4 0 . 0 1 . 4 0 . 0 1 . 3 3 6 . 7 5 8 . 1 4 . 5 0 . 8 0 . 0 1 . 6 0
5 4 . 7 8 . 8 1 . 7 7 . 1 3 9 . 5 5 2 . 0 6 . 6 1 . 0 1 . 0 1 . 3 0
6 1 1 . 8 1 7 . 9 4 . 9 1 3 . 0 3 5 . 5 5 5 . 2 6 . 1 0 . 9 2 . 4 1 . 5 5
7 3 . 7 .1 0 . 7 7 . 3 3 . 4 3 8 . 0 5 5 . 5 5 . 0 0 . 8 0 . 7 1 . 4 5
3 5 . 2 6 . 7 1 . 9 4 . 8 3 8 . 8 5 2 . 3 6 . 7 1 . 2 1 . 1 1 . 3 5
9 5 . 7 1 0 . 7 6 . 6 4 . 1 3 4 . 8 5 6 . 2 7 . 2 0 . 7 1 . 1 1 . 6 0
10 0 . 4 0 . 0 0 . 0 0 . 0 3 6 . 1 6 3 . 5 0 . 0 0 . 4 0 . 1 1 . 7 5
11 1 . 4 6 . 0 0 . 0 6 . 0 3 5 . 5 5 8 . 7 5 . 0 0 . 6 0 . 2 1 . 6 5
12 1 . 2 1 2 . 2 5 . 3 6 . 9 3 5 . 9 5 7 . 1 6 . 2 0 . 6 0 . 2 1 . 6 0
13 1 . 6 3 . 3 0 . 0 3 . 3 3 6 . 8 5 6 . 4 5 . 6 0 . 9 0 . 3 1 . 5 5
14 1 . 5 2 . 6 0 . 0 2 . 6 3 7 . 0 5 3 . 4 3 . 7 0 . 6 0 . 3 1 . 4 5
15 2 . 7 4 . 2 0 . 0 4 . 2 3 5 . 9 5 7 . 5 5 . 3 0 . 8 0 . 5 1 . 6 0
16 2 . 2 8 . 7 4 . 5 4 . 2 3 7 . 9 5 6 . 6 4 . 3 0 . 8 0 . 4 1 . 5 0
17 1 . 2 * * ft 3 6 . 9 5 7 . 8 4 . 4 0 . 8 0 . 2 1 . 5 5
13 0 . 6 ft A A 3 6 . 1 5 8 . 6 4 . 6 0 . 6 0 . 1 1 . 6 0
19 1 . 2 ft A ft 3 6 . 2 5 9 . 0 3 . 9 0 . 7 0 . 2 1 . 6 5
20 0 . 9 * .A A 4 3 . 4 4 5 . 0 9 . 9 1 . 5 0 . 2 1 . 0 5
21 1 . 4 5 . 9 1 . 7 4 . 2 3 6 . 4 5 6 . 4 6 . 3 0 . 6 0 . 3 1 . 5 5
22 0 . 8 6 . 8 2 . 1 4 . 6 3 5 . 4 5 3 . 0 5 . 9 0 . 6 0 . 1 1 . 6 5
23 1 . 2 6 . 2 0 . 0 6 . 2 3 7 . 4 5 3 . 6 7 . 9 0 . 9 0 . 2 1 . 4 5
24 2 . 0 2 . a 2 . 1 0 . 7 3 9 . 5 5 1 . 2 7 . 9 1 . 0 0 . 4 1 . 3 0
2 5 0 . 0 9 . 1 5 . 1 4 . 0 3 9 . 6 5 4 . 5 4 . 9 1 . 0 0 . 0 1 . 4 0
2 6 2 . 7 8 . 9 0 . 0 8 . 9 3 9 . 6 5 5 . 1 3 . 7 1 . 1 0 . 5 1 . 4 0
27 0 . 9 * X A 3 7 . 0 5 7 . 0 5 . 2 0 . 7 0 . 2 1 . 5 5
23 1 . 5 ft * ft 4 1 . 1 5 0 . 0 7 . 5 1 . 2 0 . 3 1 . 2 0
29 1 . 4 * A 4 0 . 2 5 4 . 0 4 . 4 1 . 2 0 . 3 1 . 3 5
30 0 . 2 * * 3 9 . 2 5 6 . 3 3 . 3 1 . 0 0 . 1 1 . 4 5
31 0 . 8 X * ft 3 9 . 0 5 3 . 5 6 . 3 1 . 0 0 . 1 1 . 3 5
32 1 . 0 A * X 3 8 . 1 5 5 . 4 5 . 5 0 . 9 0 . 2 1 . 4 5
33 1 . 4 * * A 4 2 . 3 4 9 . 1 6 . 7 1 . 7 0 . 3 1 . 15
34 0 . 7 A X ' A 3 6 . 8 5 8 . 9 3 . 4 0 . 8 . 0 . 1 1 . 6 0
3 5 4 . 0 3 . 2 4 . 7 3 . 5 3 7 . 0 5 8 . 9 2 . 4 0 . 9 0 . 7 1 . 6 0
3 6 1 . 1 A X A 3 7 . 6 5 7 . 9 3 . 3 1 . 1 0 . 2 1 . 5 5
3 7 0 . 3 6 . 8 3 . 6 3 . 2 3 5 . 9 6 0 . 2 3 . 1 0 . 7 0 . 0 1 . 7 0
38 0 . 0 4 . 8 0 . 0 4 . 7 3 7 . 0 5 9 . 7 2 . 6 0 . 7 0 . 0 1 . 6 0
3 9 6 . 0 0 . 0 0 . 0 0 . 0 3 6 . 3 5 9 . 5 2 . 5 0 . 7 1 . 1 1 . 6 5
4 0 0 . 2 9 . 3 3 . 2 6 . 1 3 9 . 3 5 3 . 4 6 . 4 0 . 8 0 . 0 1 . 3 5
41 0 . 0 1 6 . 1 1 0 . 1 6 . 1 3 8 . 4 5 5 . 8 4 . 9 0 . 9 0 . 0 1 . 4 5
4 2 0 . 0 1 6 . 2 9 . 4 6 . a 3 8 . 7 5 6 . 1 4 . 4 0 . 7 0 . 0 1 . 4 5
43 0 . 4 6 . 5 3 . 9 2 . 7 3 6 . 6 5 7 . 2 5 . 6 0 . 6 0 . 1 1 . 5 5
44 1 . 7 0 . a 0 . 0 0 . S 4 6 . 3 5 0 . 2 2 . 4 0 . 7 0 . 3 1 . 10
4 5 0 . 6 0 . 0 0 . 0 0 . 0 3 6 . 6 6 2 . 5 0 . 6 0 . 1 0 . 1 1 . 7 0
4 6 1 . 2 0 . 6 0 . 0 0 . 5 3 9 . 8 5 6 . 6 3 . 0 0 . 3 0 . 2 1 . 40
4 7 1 . 5 1 . 6 0 . 0 1 . 6 3 8 . 4 5 8 . 0 2 . 9 0 . 4 0 . 3 1 . 50
43 1 . 1 * X A 4 1 . 3 5 6 . 9 1 . 1 0 . 5 0 . 2 1 . 40
49 0 . 6 A ft * 4 0 . 2 5 3 . 3 0 . 9 0 . 5 0 . 1 1 . 4 5
50 1 . 0 A A * 3 9 . 5 5 7 . 1 2 . 7 0 . 5 0 . 2 1 . 4 5
51 0 . 0 1 9 . 9 1 1 . 6 8 . 4 3 8 . 6 5 7 . 5 3 . 1 0 . 7 0 . 0 1 . 5 0
52 3 . 0 A A A 3 8 . 2 5 8 . 0 2 . 7 0 . 5 0 . 5 1 . 5 0
53 5 . 6 5 . 8 5 . 8 0 . 0 4 1 . 6 5 1 . 2 5 . 0 1 .  1 1 . 2 1 . 2 5
54 1 . 0 22 # 2 1 6 . 0 6 . 2 4 2 . 1 5 3 . 1 3 . 8 0 . 9 0 . 2 1 . 2 5
55 4 . 6 * ft A 4 2 . 2 5 0 . 3 4 . 8 1 . 2 1 . 0 1 . 2 0
56 2 . 8 A * A 4 2 . 3 5 2 . 4 3 . 4 1 . 3 0 . 6 1 . 2 5
57 2 . 3 A A A 4 3 . 0 5 1 . 5 3 . 9 1 . 1 0 . 6 1 . 2 0
58 x A A A A A A A A A
59 1 . 4 A A A 4 6 . 5 4 8 . 5 3 . 4 1 . 4 0 . 3 1 . 0 5
6 0 1 . 7 A A A 4 6 . 9 4 7 . a 3 . 6 1 . 3 0 . 3 1 . 0 0
61 1 . 9 2 . 3 1 . 1 1 . 2 3 7 . 9 5 5 . 2 6 . 4 0 . 1 0 . 4 1 . 4 5
62 3 . 5 4 . 2 0 . 0 4 . 2 4 2 . 6 4 6 . 8 9 . 5 0 . 2 0 . 8 1 . 1 0
63 6 . 1 1 . 8 0 . 0 1 . 8 4 4 . 0 4 4 . 7 9 . 0 0 . 9 1 . 5 1 . 0 0
64 1 . 9 x * A 4 2 . 0 4 7 . 2 9 . 9 0 . 4 0 . 4 1 . 1 0
65 1 . 5 * A A 4 4 . 3 4 4 . 8 9 . 3 1 . 2 0 . 4 1 . 0 0
66 1 . 1 2 . 4 1. 1 1 . 4 3 7 . 5 6 0 . 2 2 . 1 0 . 0 0 . 2 1 . 6 0
67 0 . 3 X A A 3 5 . 5 6 0 . 3 3 . 9 0 . 2 0 . 1 1 . 7 0
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Appendix 15 continued
?ow O/C N/C S/C SINORG
1 0.21 0.03 0.01 4 . 62 0 . 16 0.02 0.00 1 .a3 0 . 12 0.02 0.03 7 . 34 0 . 12 0.02 0.00 0 .05 0 . 17 0.03 0.03 0 ., 96 0.17 0.03 0.07 2.67 0 . 13 0.02 0.02 3.98 0 . 17 0.03 0 . 03 1.09 0.21 0.02 0 . 03 3.5
10 0.00 0.01 0. 00 0 .011 0 . 14 0.02 0.01 0 .0
12 0.17 0.02 0.01 2.8
13 0 . 15 C. 02 0.01 0 .014 0.24 0.02 0.01 0 .015 0 . 15 0.02 0.01 0 .0
16 0.11 0.02 0.01 o 417 0 . 12 0.02 0.01 *
18 0 . 13 0.02 0.00 -
19 0.11 0.02 0.01
20 0 . 23 0.03 0.00
21 0 . 17 0.02 0.01 0 .9
22 0 . 17 0.02 0. 00 1.1
23 0.21 0.02 0.01 0 .0
24 0 . 20 0 . 03 0.01 1.1
25 0 . 12 0.03 0.00 2 .7
26 0.09 0.03 0.01 0.0
27 0 . 14 0.02 0.01 *
23 0 . 18 0.03 0.01 *
29 0.11 0 . 03 0.01 *
30 0.08 0.03 0. 00 nc
31 0 . 16 0.03 0.00 *
32 0 . 14 0. 02 0.01 *
33 0 . 16 0.04 0.01 *
34 0 . 09 0. 02 0 . 00 *
35 0.06 0.02 0.02 2.5
36 0.09 0.03 0.01 *
37 0.09 0.02 0.00 1.9
38 0.07 0.02 0.00 0.0
39 0.07 0.02 0.03 0 .0
40 0.16 0.02 0.00 1.7
41 0 . 13 0 . 02 0.00 5.4
42 0.11 0.02 0 . 00 5.0
43 0 . 15 0.02 0.00 2.1
44 0.05 0.02 0.01 0.0
45 0.02 0.00 0.00 0 .0









0 .0* Key: see Appendix 14
49 0.02 0.01 0.00 *
50 0 . 07 0.01 0.01 ★
51 0.08 0.02 0.00 6 .2
52 0 . 07 0 . 01 0.01 *
53 0 . 12 0 . 03 0.03 3 .1
54 0 . 09 0.02 0. 00 8.5
55 0.11 0.03 0.02
56 0 . 08 0 . 03 0.01 •*
57 0.09 0.03 0.01 *
58 * * * *
59 0.07 0.03 0.01 A
60 0 . 08 0 . 03 0 . 01 *
61 0 . 17 0.00 0 . 01 0 .6
62 0.22 0.00 0.02 0 .0
63 0 . 20 0.02 0.03 0 .0
64 0.24 0 . 01 0 . 01 *
65 0 . 21 0. 03 0.01 *
66 0.06 0 . 00 0.01 0 .6
67 0.11 0 . 01 0.00 7:
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APPENDIX 16 Elemental and Petrographic Data for Cases that Contain 90% 
or More of One Maceral ('CHONSPETM Data Set)
rxOUl 3Af1 RVMAX LAMMF TELMMF 3/RMMF LDMMF 5PMMF CTMMF SBMttF B/MflMF
1 1.10 0.24 S3 4 2 -> 0 0 0 0
2 1 .2 0 0. 20 36 7 0 0 0 0 0 0
3 1 .3 0 0. 22 100 0 0 0 0 0 0 0
4 1 .4 0 0. 30 97 3 0 0 0 0 0 0
5 1 .9 0 0. 28 88 4 0 0 0 0 0 0
6 2 . 0 0 0. 26 100 0 0 0 0 0 0 0
7 3 . 0 0 0 .3 0 94 1 0 0 0 0 0 0
3 4 . 0 0 * 91 0 0 0 0 0 0 0
9 3 . 0 0 0.22 96 0 2 2 0 0 0 0
10 8. 10 0. 22 96 0 2 2 0 0 0 0
11 9. 30 0.26 94 0 0 0 0 0 0 0
12 9. 31 0. 27 100 0 0 0 0 0 0 0
13 10.20 0.32 96 1 0 0 0 0 0 0
14 11.00 0. 37 72 3 3 17 0 0 0 0
15 11. 10 0. 20 22 78 0 0 0 0 0 0
16 14. 20 0. 18 83 12 0 0 0 0 0 0
17 16. 20 0 .30 94 3 0 0 0 0 0 0
13 17. 10 0. 31 85 3 0 0 0 0 0 0
19 17.20 0.31 91 0 0 0 0 0 0 0
20 17. 30 0. 27 94 3 0 0 0 0 0 0
21 18 .00 0. 19 97 0 0 0 0 0 0 0
22 19.95 0. 19 75 20 0 0 0 0 0 0
23 20 .0 0 0. 29 95 0 1 2 0 0 0 0
24 20. 30 0. 25 99 0 0 0 0 0 0 0
25 21 .0 0 0 .36 95 0 1 2 0 0 0 0
26 23. 00 0 .2 7 85 6 0 3 0 0 0 0
27 24. 00 0. 32 88 2 0 2 0 0 0 0
28 25. 00 0 .3 0 91 5 0 2 0 0 0 0
29 36.00 0. 40 0 99 0 0 0 0 0 0
30 46. 00 0. 32 0 90 0 3 0 0 0 6
31 47 .5 0 0. 52 0 100 0 0 0 0 0 0
32 51.40 0. 50 5 0 0 0 0 0 0 93
33 55. 30 0 .3 5 0 0 0 0 0 0 0 96
34 56. 00 0. 32 0 99 0 1 0 0 0 0






































TOTALG TOTEX EX+BIT EXFL V/IMMF OSTYPE CD HD CD
92 96 96 6 4 11 72.7 10.4 20.6
93 93 93 6 7 11 74.8 9.6 16. 3
100 100 100 12 0 11 71.9 9. 5 11.9
100 100 100 6 0 11 76.0 10. 1 12. 4
92 92 92 12 3 11 66.0 9.0 18.3
100 100 100 12 0 11 75.6 10. 5 14.3
95 95 95 6 5 11 74.2 9.9 17. 1
91 91 91 5 9 1 1 73.8 9. 5 15.0
96 100 100 6 0 1 1 70.6 9.5 13.3
96 100 100 6 0 11 75.9 9. 5 11.5
94 94 94 7 6 11 75.3 9.9 11.8
100 100 100 7 0 11 74.9 10.2 12. 7
97 97 97 9 3 11 75.9 10.4 10.8
75 95 95 9 5 11 73. 3 9. 6 17.0
100 100 100 9 0 13 74.8 10.3 16.6
100 100 100 11 0 11 74. 1 9.6 13. 3
97 97 97 6 3 11 78.8 9. 5 9. 0
93 93 93 7 7 11 73.0 3.4 15.6
91 91 91 7 9 11 73.3 9.0 14. 1
97 97 97 7 3 11 77.3 10. 4 9.6
97 97 97 10 3 11 77.4 10.4 6.3
95 95 95 10 5 11 77.4 10.0 3.9
95 93 93 6 2 11 79.9 11.3 9. 1
99 99 99 a 1 11 77. 5 10. 5 7.2
95 98 98 6 2 11 76. 2 10. 5 6. 9
91 94 94 6 6 11 73.2 8.9 12.4
90 92 92 : 5 a 11 74. 5 9. 1 11.3
96 98 98 6 2 11 74.9 9. 3 15.2
99 99 99 4 1 13 31.7 10.4 8.1
90 93 99 3 1 12 78. 7 9. 9 8.5
100 100 100 4 0 12 78.4 10.0 7.4
5 5 98 1 0 4 74.2 7. 5 11.3
0 0 96 1 3 4 80. 7 6.9 a. l
99 100 100 2 0 10 74. 3 9. 1 16. 7
0 100 100 7 0 14 82.7 11.2 6.0
343
Appendix 16 continued
R O W S D n r i p y o n n C A T * H A T * O A T * N A T * S A T * H / C
1 2 . 5 2 1 . 3 3 . 6 1 2 . 7 3 3 . 3 5 7 . 5 7 . 2 1 . 1 0 . 4 1 . 7 0
2 0 . 0 8 . 0 3 . 4 4 . 6 3 7 . 0 5 6 . 2 6 . 1 0 . 7 0 . 0 1 . 5 0
3 5 . 6 2 2 . 5 1 3 . 7 8 . 8 3 6 . 3 5 7 . 4 4 . 5 0 . 7 1 . 1 1 . 6 0
4 0 . 0 1 . 4 0 . 0 1 . 3 3 6 . 7 5 8 . 1 4 . 5 0 . 8 0 . 0 1 . 6 0
5 5 . 7 1 0 . 7 6 . 6 4 . 1 3 4 . 8 5 6 . 2 7 . 2 0 . 7 1 . 1 1 . 6 0
6 1 . 4 6 . 0 0 . 0 6 . 0 3 5 . 5 5 8 . 7 5 . 0 0 . 6 0 . 2 1 . 6 5
7 1 . 2 1 2 . 2 5 . 3 6 . 9 3 5 . 9 5 7 . 1 6 . 2 0 . 6 0 . 2 1 . 6 0
8 1 . 6 3 . 3 0 . 0 3 . 3 3 6 . 8 5 6 . 4 5 . 6 0 . 9 0 . 3 1 . 5 5
9 2 . 7 4 . 2 0 . 0 4 . 2 3 5 . 9 5 7 . 5 5 . 3 0 . 8 0 . 5 1 . 6 0
1 0 2 . 2 8 . 7 4 . 5 4 . 2 3 7 . 9 5 6 . 6 4 . 3 0 . 8 0 . 4 1 . 5 0
11 1 . 2 * X X 3 6 . 9 5 7 . 8 4 . 4 0 . 8 0 . 2 1 . 5 5
1 2 0 . 6 X X X 3 6 . 1 5 8 . 6 4 . 6 0 . 6 0 . 1 1 . 6 0
1 3 1 . 2 X X X 3 6 . 2 5 9 . 0 3 . 9 0 . 7 0 . 2 1 . 6 5
14 1 . 4 5 . 9 1 . 7 4 . 2 3 6 . 4 5 6 . 4 6 . 3 0 . 6 0 . 3 1 . 5 5
15 0 . 8 6 . 8 2 . 1 4 . 6 3 5 . 4 5 8 . 0 5 . 9 0 . 6 0 . 1 1 . 6 5
1 6 0 . 9 X X X 3 7 . 0 5 7 . 0 5 . 2 0 . 7 0 . 2 1 . 5 5
1 7 0 . 2 X X X 3 9 . 2 5 6 . 3 3 . 3 1 . 0 0 . 1 1 . 4 5
18 0 . 8 X X X 3 9 . 0 5 3 . 5 6 . 3 1 . 0 0 . 1 1 . 3 5
19 1 . 0 X * X 3 8 . 1 5 5 . 4 5 . 5 0 . 9 0 . 2 1 . 4 5
2 0 0 . 7 X X X 3 6 . a 5 8 . 9 3 . 4 0 . 8 0 . 1 1 . 6 0
21 4 . 0 8 . 2 4 . 7 3 . 5 3 7 . 0 5 8 . 9 2 . 4 0 . 9 0 . 7 1 . 6 0
2 2 1 . 1 X X X 3 7 . 6 5 7 . 9 3 . 3 1. 1 0 . 2 1 . 5 5
2 3 0 . 3 6 . 8 3 . 6 3 . 2 3 5 . 9 6 0 . 2 3 . 1 0 . 7 0 . 0 1 . 7 0
2 4 0 . 0 4 . 8 0 . 0 4 . 7 3 7 . 0 5 9 . 7 2 . 6 0 . 7 0 . 0 1 . 6 0
2 5 6 . 0 0 . 0 0 . 0 0 . 0 3 6 . 3 5 9 . 5 2 . 5 0 . 7 1. 1 1 . 6 5
2 6 0 . 0 1 6 . 1 1 0 . 1 6 . 1 3 8 . 4 5 5 . 8 4 . 9 0 . 9 0 . 0 1 . 4 5
2 7 0 . 0 1 6 . 2 9 . 4 6 . 8 3 8 . 7 5 6 . 1 4 . 4 0 . 7 0 . 0 1 . 4 5
2 8 0 . 4 6 . 5 3 . 9 2 . 7 3 6 . 6 5 7 . 2 5 . 6 0 . 6 0 . 1 1 . 5 5
2 9 1 . 5 1 . 6 0 . 0 1.6 3 8 . 4 5 8 . 0 2 . 9 0 . 4 0 . 3 1 . 5 0
3 0 0 . 0 1 9 . 9 1 1 . 6 8 . 4 3 3 . 6 5 7 . 5 3 . 1 0 . 7 0 . 0 1 . 5 0
31 3 . 0 * X X 3 3 . 2 5 8 . 0 2 . 7 0 . 5 0 . 5 1 . 5 0
3 2 4 . 6 X X X 4 2 . 2 5 0 . 3 4 . 8 1 . 2 1 . 0 1 . 2 0
33 1 . 7 X X X 4 6 . 9 4 7 . 8 3 . 6 1 . 3 0 . 3 1 . 0 0
3 4 1 . 9 2 . 3 1 . 1 1 . 2 3 7 . 9 5 5 . 2 6 . 4 0 . 1 0 . 4 1 . 4 5




1 0 . 21 0.03
2 0 . 16 0.02
3 0 . 12 0.02
4 0 . 12 0 . 02
5 0 . 21 0.02
6 0 . 14 0 . 02
7 0 . 17 0 . 02
8 0 . 15 0 . 02
9 0 . 15 0.02
10 0 . 11 0.02
11 0 . 12 0.02
12 0 . 13 0 . 02
13 0 . 11 0.02
14 0 . 17 0.02
15 0 . 17 0.02
16 0 . 14 0.02
17 0.03 0.03
13 0 . 16 0.03
19 0 . 14 0.02
20 0 . 09 0 . 02
21 0.06 0.02
22 0 . 09 0 . 03
23 0.09 0.02
24 0 . 07 0 . 02
25 0.07 0.02
26 0 . 13 0 . 02
27 0 . 11 0.02
28 0 . 15 0 . 02
29 0 . 08 0.01
30 0 . 08 0.02
31 0.07 0.01
32 0 . 11 0 . 03
33 0 .0S 0.03
34 0 . 17 0.00
35 0.06 0.00
Key: see Appendix 14
s/c
0 . 0 i



































APPENDIX 17 Elemental Data for Retort Oils ('CHONSOILS' Data Set)
ROW SAM CD HD OD ND SD CAT* HAT* OAT* NAT*
1 1.91 85.9 12. 7 0.0 1.0 0.4 36. 1 63. 5 0.0 0. 4
2 9.32 62.0 9. 5 27. 6 0. 5 0.4 31.5 57. 6 10.6 0. 2
3 9.33 76.0 11. 1 11.6 1.0 0. 4 34.9 60. 7 4.0 0.4
4 9. 40 83.3 12. 0 2. 5 1. 4 0 . a 36. 3 62. 2 0.3 0. 5
5 10. 10 85.8 12.3 0. 7 0. a 0.4 36. S 62. 7 0. 2 0. 3
6 10. 11 85. 4 1 2 . a 0. 7 0.9 0.2 35. 7 63. 7 0. 2 0. 3
7 10. 12 84. 7 13.0 - 0.9 1.0 0. 4 35.2 64.2 0.3 0.4
a 10.13 85.3 12. 6 0. 5 1. 1 0. 5 36.0 63.3 0. 2 0.4
9 10. 14 85.6 12.3 0.3 1.2 0. 5 36. 7 62.7 0. 1 0.4
io 10. 22 82. 7 12.4 3.3 0.9 0. 7 35.4 63. 1 1. 1 0. 3
n 10.23 82.2 11.2 3.6 1.4 1.7 37.3 60.6 1.3 0. 5
12 14. 10 83.8 11.8 3.2 1 . 1 0. 5 36. 8 61.6 1. 1 0.4
13 14. 11 35.9 11.6 1.4 1.3 0. 5 38.0 61.0 0. 5 0. 5
14 14.12 85.1 12. 1 1.3 1. 1 0. 4 36. a 62.3 0.4 0. 4
15 14. 13 86.1 11.3 1.5 0. 9 0. 6 33. 7 60. 4 0.5 0.3
16 14.22 79.4 11.4 7.6 1.2 0. 4 35. 7 61.1 2.6 0. 5
17 14.23 82.8 11.4 4. 1 1. 1 0. 5 37. 1 60.9 1.4 0.4
18 15.10 82.0 10.8 5.6 1.0 0.6 38.0 59. 5 1.9 0. 4
19 15.11 84.7 11.8 1.7 1.2 0.6 37.2 61.7 0.6 0. 5
20 15.21 82.9 11. 1 2.0 1.5 2. 5 37.8 60. 4 0. 7 0. 6
21 16. 10 85.3 12. 1 1.0 1.5 0.5 36.9 62.2 0.3 0.6
22 16.11 83.7 11.2 2.6 1.4 0. 6 38.0 60. 5 0. 9 0. 5
23 16. 12 84.0 10.5 5. 2 1.4 0.6 39.2 58.3 1.3 0. 6
24 16.21 74.5 10. 6 13. 2 1.2 0. 5 35. 1 59.6 4.7 0. 5
25 17. 11 77. 5 10. 7 9 .9 1.3 0. 5 36.2 59.7 3.5 0.5
26 17.22 85. 1 11.9 1.3 1.2 0. 5 37. 1 61.9 0. 4 0. 5
27 17.23 72.9 7. 1 4.3 1.6 0. 6 44. 9 52. 1 2.0 0.8
28 17.31 80.6 11.5 5. 5 1.2 1.2 36. 1 61.4 1.8 0. 5
29 19.96 82.9 11.2 2.8 2.6 0.6 37. 5 60.4 1.0 1.0
30 34. 20 84.9 12.2 1.9 0. 4 0. 6 36.6 62.5 0. 6 0. 1
31 37. 11 85.6 11.5 1.8 0. 5 0.6 38. 1 61.0 0.6 0. 2
32 39.21 84.2 11.9 2.8 0.6 0. 5 36.8 62.0 0. 9 0.2
33 40.31 83.0 11.4 4.2 0. 7 0. 7 37.3 61.0 1.4 0.3
34 47. 51 84.4 10. 7 1.7 0.8 2. 5 39.3 59.3 0.6 0.3
35 51.41 81.3 9. 9 3.4 1.3 4.2 39.3 57. 7 1.2 0.5
36 51.51 82.6 10.0 5. 7 1.2 0.3 39. 9 57. 5 2. 1 0. 5
37 52.05 83.3 9 .9 2.3 1.2 3.4 40.6 57.4 0.8 0. 5
38 54.31 85.3 10.9 1.5 1.0 1.4 39.2 59. 7 0. 5 0. 4
39 55.21 84. 5 9.7 2.0 1.5 2.3 41.5 56. 7 0.8 0.6
40 55.31 83.2 9. 5 3. 7 1. 4 2.3 41.4 56. 2 1.4 0. 6
41 63.11 67.3 9.0 22. 1 0. 2 1.5 35. 1 55.9 8.6 0. 1
42 63.21 77.8 10.3 10. 3 0. 8 0. 8 37.2 58. 7 3. 7 0. 3




1 0 . 1 1.75
2 0 . 1 1.85
3 0 . 1 1.75
4 0 . 1 1.70
5 0 . 1 1.70
6 0.0 1.80
7 0 . 1 1.80
3 0 . 1 1.75
9 0 . 1 1.70
10 0 . 1 1.30
11 0 . 3 1.60
12 0 . 1 1.65
13 0 . 1 1.60
14 0 . 1 1.70
15 0 . 1 1.55
16 0 . 1 1.70
17 0 . 1 1.65
IS 0 . 1 1.55
19 0 . 1 1.65
20 0 . 4 1.60
21 0 . 1 1.70
22 0 . 1 1.60
23 0 . 1 1.50
24 0 . 1 1.70
25 0 . 1 1.65
26 0 . 1 1.65
27 0 . 1 1 . 15
28 0.2 1.70
29 0 . 1 1.60
30 0 . 1 1.70
31 0 . 1 1.60
32 0 . 1 1.70
33 0 . 1 1.65
34 0.4 1.50
35 0.8 1.45






42 0 . 1 1.60
43 0 . 1 1.65
O/C N/C S/C
0.00 0.01 0.00
0 . 34 0.01 0 . 00
0 . 11 0.01 0.00
0 . 02 0.01 0 . 00
0.01 0.01 0.00
0.01 0.01 0 . 00
0.01 0.01 0 . 00
0 . 01 0 . 01 0.00
0.01 0.01 0.00




0.01 0.. 01 0.00
0.01 0.01 0.00
0 . 07 0.01 0.00
0.04 0.01 0.00
0 . 05 0.01 0.00
0.02 0.01 0.00




0 . 13 0 . 01 0.00
0 . 10 0.01 0.00
0 . 01 0 . 01 0.00
0.04 0 . 02 0.00
0.05 0.01 0 . 01
0.03 0.03 0.00
0.02 0.00 0 . 00
0.02 0.01 0.00
0.02 0.01 0 . 00
0.04 0.01 0.00
0 . 02 0 . 01 0 . 01
0.03 0.01 0.02
0 . 05 0.01 0.00
0.02 0.01 0.01
0.01 0 . 01 0 . 01
0.02 0.01 0.01
0 . 03 0 . 01 0.01
0.25 0.00 0.01
0 . 10 0.01 0.00
0.04 0 . 01 0 . 00













































APPENDIX 18 Elemental Data for Retort Oils and Elemental and
Petrographic Data for Their Organic Matter Sources 
('CHONSPETOILS' Data Set)
ROW SAM RVMAX LAMMF TELMMF B/RMMF LDMMF SPMMF CTMMF SBMMF B/MMMF
1 9.30 0. 26 94 0 0 0 0 0 0 0
2 9.31 0. 27 100 0 0 0 0 0 0 0
3 10.20 0. 32 96 1 0 0 0 0 0 0
4 10. 21 0.32 36 0 5 0 2 0 0 0
5 14.20 0. 13 38 12 0 0 0 0 0 0
6 14. 21 0.40 64 0 2 0 0 0 0 0
7 15. 20 0.40 81 6 0 0 0 0 0 0
3 16.20 0. 30 94 3 0 0 0 0 0 0
9 17. 10 0.31 85 3 0 0 0 0 0 0
10 17. 20 0. 31 91 0 0 0 0 0 0 0
11 17. 21 0.37 72 0 0 0 0 0 0 0
12 17.30 0.27 94 3 0 0 0 0 0 0
13 19.95 0. 19 75 20 0 0 0 0 0 0
14 37. 10 0.40 0 87 0 0 3 0 0 0
15 39.20 0.32 0 83 0 0 1 0 0 0
16 40. 30 0.27 0 80 0 0 3 0 0 0
17 47. 50 0. 52 0 100 0 0 0 0 0 0
13 51.40 0. 50 5 0 0 0 0 0 0 •*3
19 51.50 0.41 56 0 28 0 0 0 0 17
20 52.04 0. 46 11 0 0 0 0 0 0 84
21 54.30 0. 46 0 0 7 0 3 0 0 87
22 55.20 0. 34 25 1 0 0 0 0 0 60
23 55. 30 0. 35 0 0 0 0 0 0 0 96
24 63. 10 0. 44 0 0 6 31 16 1 4 0
25 63. 20 0.41 0 0 15 4 1 4 0 0
26 69. 40 X X * X X X * * *
ROW TOTALG TOTEX EX+BIT EXFL V/IMMF OSTYPE CD HD OD ND
1 94 94 94 7 6 11 75. 3 9. 9 11. 8 1 . 8
2 100 100 100 7 0 11 74. 9 10. 2 12. 7 1. 6
3 97 97 97 9 3 11 75. 9 10. 4 10. a 1 . 74 36 43 43 7 57 6 69. 0 6. 0 20. 9 2. 8
5 100 100 100 11 0 11 74. 1 9. 6 13. 8 1 . 66 64 66 66 6 33 7 71. 5 7. 3 17. 3 2. 4
7 87 87 87 6 13 7 76. 2 8. 6 11. 0 2. 7
8 97 97 97 6 3 11 78. 8 9. 5 9. 0 2. 49 93 93 93 7 7 11 73. 0 8. 4 15. 6 2. 2
10 91 91 91 7 9 11 73. 8 9. 0 14. 1 2. 1
11 72 72 72 7 28 7 72. 9 7. 1 15. 3 3. 312 97 97 97 7 3 11 77. 3 10. 4 9. 6 2. 013 95 95 95 10 5 11 77. 4 10. 0 8. 9 2. 614 87 90 90 2 10 13 84. a 9. 8 3. 1 1. 215 88 89 89 2 11 13 85. 5 10. 4 2. 5 1 . 116 80 83 83 3 17 13 80. 8 9. 8 7.3 1 . 117 100 100 100 4 0 12 78. 4 10. 0 7. 4 1 . 218 5 5 98 1 0 4 74. 2 7. 5 11. 3 2. 419 56 84 101 11 0 5 78. 0 8. 1 8. 3 2. 820 11 11 95 1 5 4 77. 6 7. 8 9. 5 2. 221 0 10 97 1 3 4 82. 9 9. 0 5. 7 2. 422 26 26 86 1 15 4 80. 9 7. 1 7.9 2. 8
23 0 0 96 1 3 4 80. 7 6. 9 a. 1 2 . 724 0 58 58 10 40 2 69. 0 6. 5 21. 7 0. 925 0 24 24 7 76 1 70. 6 6 . 0 19. 6 2. 226 X X X 13 X X 77. 1 11. 0 11. 3 0. 4
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Appendix 18 continued
ROW SO CAT* HAT*
1 1.2 36.9 57. 3
2 0.6 36. 1 5S. 6
3 1.2 36.2 59.0
4 0.9 43.4 45.0
5 0.9 37.0 57.0
6 1.5 41.1 50.0
7 1.4 40. 2 54.0
a 0. 2 39. 2 56. 3
9 0.8 39.0 53.5
10 1.0 33. 1 55.4
11 1 . 4 42.3 49.1
12 0. 7 36. 8 53.9
13 1.1 37.6 57.9
14 1.1 41.3 56.9
15 0.6 40.2 58.3
16 1.0 39. 5 57. 1
17 3.0 38.2 58.0
18 4. 6 42. 2 50.8
19 2.8 42.3 52.4
20 2. 8 43.0 51.5
21 x X *
22 1.4 46. 5 48. 5
23 1.7 46.9 47.8
24 1.9 42.0 47. 2
25 1.5 44.3 44.8
26 0. 3 35. 5 60.3
ROW C—OIL H—OIL 0—OIL
1 62. 0 9. 5 27. 6
2 76.0 11.1 11.6
3 82. 7 12.4 3.3
4 82.2 11.2 3.6
5 79. 4 11.4 7. 6
6 82.8 11.4 4. 1
7 82. 9 11. 1 2.0
8 74.5 10.6 13.2
9 77. 5 10. 7 9. 9
10 85. 1 11.9 1.3
11 72. 9 7. 1 4.3
12 80.6 11.5 5.5
13 82.9 11.2 2.8
14 85.6 11.5 1.8
15 84. 2 11.9 2.8
16 33.0 11.4 4.2
17 84.4 10. 7 1.7
18 81.3 9.9 3.4
19 82. 6 10.0 5. 7
20 83.3 9.9 2.3
21 85.3 10.9 1.5
22 84.5 9.7 2.0
23 83.2 9.5 3.7
24 67.3 9.0 22. 1
25 77.3 10.3 10.3
26 83.4 11.6 4.3
OAT* NAT* SAT*
4.4 0.3 0.2
4.6 0.6 0. 1
3.9 0. 7 0.2
9. 9 1.5 0. 2
5.2 0.7 0.2
7. 5 1.2 0. 3
4.4 1.2 0.3
3.3 1.0 0. 1
6.3 1.0 0. 1
5. 5 0.9 0.2
6.7 1.7 0.3
3. 4 0. 8 0. 1
3.3 1 .  1 0.2
1 . 1 0. 5 0.2
0.9 0. 5 0. 1
2. 7 0. 5 0.2
2.7 0.5 0. 5
4.3 1.2 1.3
3.4 1.3 0.6
3.9 1 .  1 0. 6
X » *
3.4 1.4 0.3
3.6 1.3 0. 3
9.9 0. 4 0. 4
9.3 1.2 0.4
3.9 0.2 0. 1
N—OIL S-OIL CATOIL*
0. 5 0.4 31.5
1.0 0. 4 34.9
0. 9 0.7 35. 4
1.4 1.7 37.3
1.2 0. 4 35. 7
. 1 . 1 0. 5 37. 1
.1.5 2. 5 37. 3
1.2 0.5 35. 1
1.3 0. 5 36. 2
1.2 0.5 37. 1
1.6 0.6 44.9
1.2 1.2 36. 1
2. 6 0. 6 37. 5
0.5 0.6 38. 1
0. 6 0.5 36. 3
0. 7 0.7 37.3
0.8 2. 5 39. 3
1.3 4.2 39.3







0.6 0. 2 37.0
H/C 0/C N/C S/C
1.55 0. 12 0.02 0.01
1.60 0. 13 0.02 0.00
1.65 0.11 0.02 0.01
1.05 0.23 0.03 0.00
1.55 0. 14 0.02 0.01
1.20 0. IS 0.03 0.01
1.35 0.11 0.03 0.01
1.45 0.08 0. 03 0.00
1.35 0. 16 0.03 0. 00
1.45 0. 14 0.02 0.01
1.15 0. 16 0.04 0.01
1.60 0. 09 0. 02 0.00
1.55 0.09 0. 03 0.01
1.40 0. 03 0. 01 0.00
1.45 0.02 0.01 0. 00
1.45 0.07 0. 01 0.01
1.50 0.07 0.01 0.01
1.20 0. 11 0.03 0.02
1.25 0.08 0.03 0. 01
1.20 0. 09 0. 03 0.01* X X *
1.05 0.07 0. 03 0.01
1.00 0. 08 0.03 0. 01
1.10 0. 24 0. 01 0.01
1.00 0.21 0.03 0. 01






























ROW OATOIL* NATOIL* 5ATOIL* H/C-OIL 0/C-OIL N/C-OIL S/C-OIL
1 10.6 0. 2 0. 1 1.35 0.34 0.01 0.002 4.0 0. 4 0. 1 1.75 0.11 0.01 0. 00
3 1 . 1 0. 3 0. 1 1.30 0.03 0.01 0.00
4 1.3 0. 5 0. 3 1.60 0. 03 0.01 0. 01
5 2.6 0. 5 0. 1 1.70 0.07 0.01 0.00
6 1.4 0. 4 0. 1 1.65 0. 04 0.01 0. 00
7 0. 7 0.6 0.4 1.60 0.02 0.02 0.01
3 4. 7 0. 5 0. 1 1.70 0. 13 0. 01 0. 00
9 3. 5 0. 5 0. 1 1.65 0. 10 0.01 0.00
10 0.4 0. 5 0. 1 1.65 0. 01 0.01 0.00
11 2.0 0. 8 0. 1 1.15 0.04 0.02 0.00
12 1.8 0. 5 0. 2 1.70 0.05 0.01 0. 01
13 1.0 1.0 0. 1 1.60 0.03 0.03 0.00
14 0.6 0. 2 0. 1 1.60 0. 02 0.01 0. 00
15 0. 9 0. 2 0. 1 1.70 0.02 0.01 0.00
16 1.4 0. 3 0. 1 1.65 0. 04 0.01 0. 00
17 0.6 0.3 0.4 1.50 0.02 0.01 0. 01
18 1.2 0. 5 0. 8 1.45 0.03 0.01 0.02
19 2. 1 0. 5 0. 1 1.45 0.05 0.01 0.00
20 0. 8 0.5 0.6 1.40 0. 02 0. 01 0.01
21 0. 5 0.4 0.2 1.50 0.01 0.01 0.01
22 0.8 0. 6 0.4 1.35 0.02 0.01 0. 01
23 1.4 0. 6 0.4 1.35 0.03 0.01 0.01
24 8.6 0. 1 0.3 1.60 0. 25 0.00 0. 01
25 3.7 0.3 0. 1 1.60 0. 10 0.01 0.00
26 1.4 0. 2 0. 1 1.65 0. 04 0.01 0.00
KEY : C-OIL, H-OIL, 0-0IL, N-OIL,, S-•OIL= X BY WEIGHT C, H, 0, N, S
RESPECTIVELY IN THE RETORT OILS
ATOIL* ATOMIC X OF THE ELEMENTS IN RETORT OILS
Key: see Appendix 14 also
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APPENDIX 19 Pyrolysis Data for the 'PYROL' Data Set
ROW 3AM TMAX SI S2 C T 31 + 32 52/S3 51+52/33 FI
1 5. 0 442 0.82 84.01 9. is 34.93 9.15 9.25 0.01
2 7.0 416 3. 48 38. 65 43. 12 42. 13 0. 90 0.93 0.08
3 11.0 438 1. 13 18.45 3. 73 19. 53 4.95 5. 25 0. 06
4 13.0 435 1.55 67. 77 5. 56 69.32 12. 19 12.47 0.02
5 18. 1 436 2.69 89.65 3.83 92.34 23.11 23. 30 0.03
6 18. 2 443 3. 77 161.97 10. 47 165.74 15. 47 15.83 0. 02
7 20.0 446 6.23 267.31 3.30 273.54 32.21 32.96 0.02
a 20. 1 434 3. 75 125.00 4. 16 128.75 30.05 30.95 0.03
9 20.2 420 1.80 31.06 2.61 32.86 11.90 12.60 0.05
la 20. 3 441 8. 35 297.73 10. 25 306.08 29. 05 29. 86 0.03
li 20.4 434 7.64 138.01 12. 10 145.65 11.41 12.04 0.05
12 21.0 440 4.90 163.00 6.82 167.90 23.90 24.62 0.03
13 22.0 429 5.00 105.17 23.67 110.17 4.44 4.65 0.05
14 23. 0 437 2.80 146.70 12. 39 149.50 11.64 12.07 0.02
15 24.0 435 3.93 115.84 10.65 119.77 10.88 11.25 0.03
16 25. 0 439 3.76 91.88 7.63 95. 64 12. 04 12. 53 0. 04
17 34.1 455 2.45 629.26 18.49 631.71 34.03 34.16 0.00
ia 35. 1 453 1.33 788.75 26. 80 790.08 29. 43 29. 48 0. 00
19 49. 1 429 0.66 6.47 2.83 7. 13 2.29 2. 51 0.09
20 50. 0 434 3.48 80. 56 4.06 34.04 19. 84 20. 70 0.04
21 56.0 431 4.67 432.17 21.74 436.84 1 9 .  a a 20.09 0.01
22 53.0 424 12. 70 50. 10 13.83 62. 80 3.62 4. 54 0.20
23 59.0 431 3.83 44.30 6. 59 48. 13 6.72 7.30 0.08
24 60. 0 429 4.02 120.32 35. 64 124.34 3.38 3.49 0. 03
25 61 . 0 396 80. 59 247.16 47.24 327.75 5. 23 6.94 0.25
26 61 . 1 398 122.90 482.50 243.02 605.10 1.99 2.49 0.20
27 62.0 429 1.59 70. 14 26. 17 71 . 73 2.63 2.74 0.02
28 17. 0 438 1.75 79.81 2.93 81.56 27. 54 27. 34 0.02
29 19.4 457 X * * *
30 19. 5 446 7.44 130.51 1.50 137.95 87. 38 91.97 0.05
31 19.6 X X x32 26. 2 X *
33 27. 1 440 1.61 46.32 0.53 47.93 79.67 32.64 0 . 03
34 27. 2 445 1.76 103.72 0.57 105.48 181 . 96 185.05 0. 02
35 27.3 442 2. 15 74.94 1 . 06 77. 09 70.90 72.72 0.03
36 28. 0 435 1.53 ' 64.39 1.39 65. 92 46.31 47.42 0. 02
37 29.0 431 3.09 75. 19 4.59 78. 28 16.37 17. 05 0. 04
38 30.0 433 4. 40 24.80 0. 74 
*
29. 20 33.31 39.46 0.15
39 42. 2 * X x X x40 48. 1 * X x x41 52.6 * X x
42 52. 6 * X X , X X43 52.7 * X X * X X44 53.0 X X X X x X X45 53.1 X X X X X X46 53. 2 X X * X * X X47 53.2 X X X X x X X43 53.2 X X * X x X X49 54. 1 X
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Appendix 19 continued
ROU PC TOC T O C / P C HI THI 01 DEPTYPE
1 7.04 11. S3 1.68 708 713 77 4
2 3. 50 29. 70 8.48 130 142 145 4
3 1.63 5. 23 3.23 349 371 70 4
4 5. 75 11.65 2.02 531 595 47 4
5 7.66 9. 82 1.28 912 940 39 4
6 13. 76 19. 37 1.41 336 356 54 4
7 . 22.70 25.40 1. 12 * 32 4
3 10. 69 15.34 1.43 314 339 27 4
9 2.73 2.80 1.03 X 93 4
10 25.40 34.30 1.35 363 392 29 4
11 12.09 13. 93 1.16 ^37 36 4
12 13.94 10.46 0. 75 * 65 4
13 9. 14 27. 50 3.01 332 401 36 4
14 12.41 33. 40 2.69 439 443 37 4
1 5 9. 94 17.43 1.75 694 687 61 4
16 7.94 11.35 1.43 809 343 67 4
17 52. 43 75. 15 1.43 337 341 24 6
18 65. 50 78.11 1. 19 ■* 34 6
19 0. 59 3.27 5. 54 197 218 86 2
20 6.98 8. 93 1.28 902 941 45 2
21 36.26 45.30 1.25 954 964 47 3
22 5. 21 9. 68 1.85 518 650 143 1
23 3.99 10.04 2.52 441 479 65 1
24 10. 32 42. 60 4. 13 282 292 83 1
25 27.20 42. 10 1.55 587 779 112 1
26 50. 25 54.20 1.08 890 * 448 1
27 5.95 30.80 5. 18 227 233 84 1
28 * 10. 83 X 737 753 27 4
29 * * X 350 X X 4
30 18. 34 X 712 752 3 4
31 X 30. 85 X 780 X * 4
32 X 35. 00 X 660 X X 4
33 x 8.83 X 525 543 7 4
34 * 16. 52 X 628 638 4 4
35 12. 93 X 580 530 8 4
36 * 12. 36 X 521 533 11 4
37 * 14.90 * 505 525 31 4
38 X 3. 64 X 681 302 21 4
39 X 5.63 X 616 X X 6
40 * 63. 80 X * X X 5
41 19. 70 X 684 X * 2
42 * 35.61 X 660 2
43 X 9.70 X 495 * * 2
44 X 22. 00 X 541 X X 2
45 * 8.30 * 137 X X 2
46 X 22.00 X 848 X * 2
47 X 19. 90 X 994 X X 2
48 * 13.30 * 944 X X 2
49 * 9.20 X 327 X X 2
KEY: SAM=SAMPLE NUMBER/ TMAX=TEMPERATURE OF MAXIMUM HC GENERATION
(DEGREES CELSIUS)/ S1=FREE HC (MG OF HC/G OF ROCK)
S2=HC GENERATED FROM MACERALS (MG OF HC/G OF ROCK)
S3=CARBON DIOXIDE GENERATED FROM MACERALS (MG OF C02/G OF ROCK)
S1+S2/S3 RELATES TO HC GENERATING "QUALITY OF MACERALS" (MG OF HC/MG C02) 
PI=PRODUCTIVITY INDEX (S1/S1+S2, MG OF FREE HC/MG OF TOTAL HC) 
PC=PYROLYSABLE CARBON (G OF C/G OF ROCK)
TOC=TOTAL ORGANIC CARBON (G OF C/G OF ROCK)
HI=HYDROGEN INDEX (S2/T0C.MG OF HC/G OF C )
THI="TOTAL HYDROGEN INDEX" (S1+S2/T0C, MG OF HC/G OF C)
OI=OXYGEN INDEX (S3/T0C, MG OF C02/G OF C)
DEPTYPE=DEPOSIT TYPE/ ’*’=MISSING VALUE 
NOTE: MG=MILLIGRAM/ G=GRAM/ HC=HYDROCARBON
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APPENDIX 20 Pyrolysis, Elemental and Petrographic Data for the 
'PYROLPETCHONS' Data Set
ROW SAM RVMAX LAMMF TELMMF B/RMMF LDMMF SPMMF CTMMF S3MMF B/MHMF
1 11..0 0.37 72 3 3 17 0 0 0 0
2 13.0 0.25 67 0 7 4 0 0 0 0
3 20.0 0.29 95 0 1 2 0 0 0 0
4 20.3 0.25 99 0 0 0 0 0 0 0
5 21 .0 0.36 95 0 1 2 0 0 0 0
6 22.0 0.31 78 5 0 4 0 0 0 0
7 23 .0 0.27 85 6 0 3 0 0 0 0
8 24.0 0.32 88 2 0 2 0 0 0 0
9 25.0 0.30 91 5 0 2 0 0 0 0
10 50.0 0.50 44 23 0 9 0 0 0 22
11 56.0 0.32 0 99 0 1 0 0 0 0
12 58.0 0.23 0 0 0 38 12 0 25 0
13 59.0 0.53 0 0 8 5 0 8 0 0
ROW TOTALG TOTEX EX+BIT EXFL V/IMMF OSTYPE CD HD OD ND
1 75 95 95 9 5 11 73..3 9..6 17.0 1.4
2 67 78 78 . 6 22 7 81..6 9..6 i o .:> 2.5
3 95 98 98 6 2 11 79..9 11..3 9.1 1.8
4 99 99 99 8 1 11 77..5 10..5 7.2 1.8
5 95 98 98 6 2 11 76..2 10..5 6.9 1.6
6 83 87 87 11 13 7 68..6 7..8 14.9 1.7
7 91 94 94 6 6 11 73..2 8..9 12.4 1.9
8 90 92 92 5 8 11 74..5 9..1 11.3 1.7
9 96 98 98 6 2 11 74..9 9..8 15.2> 1.4
10 67 76 98 6 2 5 76..4 8..1 9.1 1.9
11 99 100 100 2 0 10 74..3 9..1 16.'! 0.3
12 0 75 .75 7 25 2 66..6 6,.2 19.11 0.4
13 0 21 21 12 79 1 69..1 5..9 18.1J 1.6
ROW SD MM PY OMM CAT% HAT% OAT% NAT% SAT% H/C
1 1.4 5.9 1.7 4.2 36.4 56.4 6..3 0.6 0..3 ]..55
2 2.7 8.9 0.0 8.9 39.6 55.1 3..7 1. 1 0..5 3..40
3 0.3 6.8 3.6 3.2 35.9 60.2 3..1 0.7 0..0 1..70
4 0.0 4.8 0.0 4.7 37.0 59.7 2..6 0. 7 0..0 1.60
5 6.0 0.0 0.0 0.0 36.3 59.5 2..5 0.7 1..1 ]l . 65
6 o .2 9.3 3.2 6.1 39.3 53.4 6..4 0.8 0..0 1.35
7 o .0 16.1 10.1 6.1 38.4 55.8 4..9 0.9 0..0 3l . 45
8 0.0 16.2 9.4 6.8 38.7 56.1 4..4 0.7 0.. 0  3L .45
9 0.4 6.5 3.9 2.7 36.6 57.2 5..6 0.6 0..1 3L.55
10 1.0 22.2 16.0 6.2 42.1 53.1 3..8 0.9 0..2 1L.25
1 .9 2.3 1.1 1 .2 37.9 55.2 6..4 0.1 0..4 :L.45X  X
12 3.5 4.2 0.0 4.2 42.6 46.8 9..5 0.2 0..8 1L.10X  X
13 6.1 1.8 0.0 1 .8 44.0 44.7 9..0 0.9 1..5 1L.00
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Appendix 20 continued
ROW 0/C N/C S/C TMAX SI S2 S3 S1+S2 S2/S3
1 0.17 0.02 0.01 438 1.13 18.45 3.73 19.58 4.95
2 0.09 0.03 0.01 435 1.55 67.77 5.56 69.32 12.19
3 0.09 0.02 0.00 446 6.23 267.31 8.30 273.54 32.21
4 0.07 0.02 0.00 441 8.35 297.73 10.25 306.08 29.05
5 0.07 0.02 0.03 440 4.90 163.00 6.82 167.90 23.90
6 0.16 0.02 0.00 429 5.00 105.17 23.67 110.17 4.44
7 0.13 0.02 0.00 437 2.80 146.70 12.39 149.50 11.64
8 0.11 0.02 0.00 435 3.93 115.84 10.65 119.77 10.88
9 0.15 0.02 0.00 439 3.76 91.88 7.63 95.64 12.04
10 0.09 0.02 0.00 434 3.48 80.56 4.06 84.04 19.84
11 0.17 0.00 0.01 431 4.67 432.17 21.74 436.84 19.88
12 0.22 0.00 0.02 424 12.70 50.10 13.83 62.80 3.62
13 0.20 0.02 0.03 431 3.83 44.30 6.59 48.13 6.72
ROW S1+S2/S3 PI PC TOC TOC/PC HI THI OI LAM TEL
1 5.25 0.06 1.63 5.28 3.23 349 371 70 29.0 1 . 0
2 12.47 0.02 5.75 11.65 2.02 581 595 47 9.0 0.0
3 32.96 0.02 22.70 25.40 1.12 ■ k * 32 40.0 0.0
4 29.86 0.03 25.40 34.30 1.35 868 892 29 35.0 0.0
5 24.62 0.03 13.94 10.46 0.75 * * 65 27.0 0.0
6 4.65 0.05 9.14 27.50 3.01 382 401 86 18.0 1 .0
7 12.07 0.02 12.41 33.40 2.69 439 448 37 30.0 2.0
8 11.25 0.03 9.94 17.43 1.75 664 687 61 23.0 0.5
9 12.53 0.04 7.94 11.35 1.43 809 843 67 20.0 1 .0
10 20.70 0.04 6.98 8.93 1.28 902 941 45 10.0 5.0
11 20.09 0.01 36.26 45.30 1.25 954 964 47 0.1 90.0
12 4.54 0.20 5.21 9.68 1.85 518 650 :143 0.0 0.0
13 7.30 0.08 3.99 10.04 2.52 441 479 65 0.0 0.0
ROW TOALG B/R LPD SP CT SB TOEX BITITE BIT+EX V/I
1 30.0 1 .0 7.0 0 0 0 38.0 0.0 38.0 2.0
2 9.0 1.0 0.5 0 0 0 10.5 0.0 10.5 3.0
3 40.0 0.5 0.5 0 0 0 41.0 0.0 41.0 1.0
4 35.0 0.1 0.1 0 0 0 35.2 0.0 35.2 0.5
5 27.0 0.5 0.5 0 0 0 28.0 0.0 28.0 0.5
6 19.0 0.0 1 .0 0 0 0 20.0 0.0 20.0 3.0
7 32.0 0.1 1.0 0 0 0 33.1 0.0 33.1 2.0
8 23.5 0.1 0.5 0 0 0 24.1 0.0 24.1 2.0
9 21.0 0.0 0.5 0 0 0 21.5 0.0 21.5 0.5
10 15.0 0.0 2.0 0 0 0 17.0 5.0 22.0 0.5
11 90.1 0.0 0.5 0 0 0 90.6 0.1 90.7 0.0
12 0.0 0.1 3.0 1 0 2 6.0 0.0 6.0 2.0
13 0.0 3.0 2.0 0 3 0 8.0 0.0 8.0 30.0
KEY: T0ALG=T0TAL VOLUME % ALGINITE
TOEX=TOTAL volume % EXINITE Key: see A p p e n d ix  14 also
BITITE=VOLUME % BITUMINITE .
Sl-S3/TOC=Sl+S2+S3/TOC 
H+0/C=ATOMIC RATIO OF H PLUS 0 TO C 
NOTE: SAMPLES 58.0 AND 59.0 STRICTLY ARE NOT OIL SHALES BECAUSE THEY 
CONTAIN LESS THAN 10% BY VOLUME LIPTINITE
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APPENDIX 21 Submission to the ICCP for the Classification of Alginite
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The existing ICCP term alginite (ICCP 1963, 1975) relates in 
terms of descriptions and properties, to a restricted range of 
brightly fluorescing algal remains —  largely Botryococcus and 
related forms, Tasmani tes and related forms and G1oeocapsomorpha. 
All of these types occur as large entities (mostly >0.005mm in 
thickness) and show distinct internal morphology, external 
morphology, or both. They normally show intense autofluorescence. 
Work on oil shales and petroleum source rocks has shown the 
existence of a class of material, dominantly or entirely derived 
from algae, occurring as smaller bodies having less distinct 
botanical structure and lower fluorescence intensity than 
"classical" alginite. This material is distinct from bituminite 
and falls naturally within the alginite category. Some algal 
remains, however, probably contribute to the maceral bituminite. 
The differences of alginite (ICCP 1963, 1975) from the forms 
presently included in the term alginite are sufficiently great to 
warrant recognition of two subdivisions of alginite. Hutton ejt 
al . ( 1980) proposed the names "alginite A" and "alginite B". In a 
letter to Paul Robert dated 12 April 1982, Cook, Hutton and 
Sherwood proposed that the A/B names be changed as follows:
Alginite A —  telalginite 
Alginite B —  lamalginite
The following definitions of these terms are proposed.
TELALGINITE 
I - ORIGIN OF TERM
The term alginite A was introduced by Hutton et al . ( 1980) to 
define alginite that is larger and more brightly fluorescing than
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alginite B. Cook, Hutton and Sherwood (1982) subsequently proposed 
the term telalginite to avoid use of the A/B terminology.
Etymology: Tela —  tissues, alginite (Drath, 1939).
Synonyms and analogous terms: Thai 1amo-alginite (Ginzburg and 
Letushova , 1976) .
II - DESCRIPTION
a) Morphology
Telalginite occurs as discrete lenses, fan-shaped 
masses or flattened discs all of which show distinctive 
external form and, in most cases, internal structure.
The structures visible are determined both by the origin 
of the telalginite and by the type of section (perpen­
dicular to, or parallel with, the bedding). The 
structures present are listed in more detail in the 
section on the origin of telalginite.
b) Optical properties
Colour: Transmitted light —  pale yellow to brown,
largely dependent upon rank.
Reflected light (bright field white light, oil 
immersion) —  dark in relation to sporinite; reflectance 
typically less than 0.1% 1n low rank brown coals. 
Reflectance rises with Increasing rank and 1s typically 
about 0.8% in association with vitrinite of reflectance 
1.1%. Note: The presence of telalginite is commonly 
associated with anomalously low vitrinite reflectance 
values; the values quoted here relate to associated 
alginite-free samples. Telalginite commonly shows 
internal reflections and may show a greenish colour in 
white light due to autofluorescence.
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Incident fluorescence-mode (UV/violet/blue light 
excitation) —  bright green to greenish yellow at low 
ranks; yellow to orange in vitrinite reflectance range 
of 0.6% to 0.9%; dull orange at higher ranks.
At low rank I normally ranges from 4.0 to 13.0 
(where ¡545 for masked uranyl glass standard has a value 
of 1 ) but some algal colonies showing effects of early 
diagenetic alteration have I values as low as 0.1 . 
Telalginite normally shows rapid negative alteration of 
the order of 20% after 3 minutes, at low ranks.
Hardness: High polishing hardness. Telalginite is
tough, shows positive polishing relief, and commonly 
retains coarse scratches after polishing.
Distinction from other macerals: Telalginite is 
distinguished from lamalginite by its thickness (mostly 
>0.005mm thick), generally greater fluorescence 
intensity and by the presence of recognizable internal 
and external botanical structure in sections both 
parallel and perpendicular to bedding. These same 
characteristies can be used to distinguish telalginite 
from other liptinites.
c) Chemical properties
Most telalginite has higher H/C and lower 0/C atomic 
ratios than other liptinites. Chemical structures are 
largely aliphatic and hydrocarbon generating potential is 
high. Botryococcus can contain up to 76% hydrocarbon by 
weight (Hunt 1979); Botryococcene is a characteristic 
hydrocarbon of this alga. Gloeocapsomorpha-derived
telalginite, however, has higher 0/C ratios (similar to 
those of higher plant-derived liptlnite) than other 
tel al gi ni te.
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The following table shows examples and typical ranges in 
elemental composition of the three major types of telalginite at 
low to medium ranks (minor amounts of other maceral s are present 
in these sampies).
Telalginite type C H O N  S H/C 0/C Reference
and occurrence % by weight chmf atomic ratio
BOWOCOCCUS-related:
Middle River Seam, 
NSW, Australia
79.4 9.5 7.9
Temi, NSW, Australia 80.4 10.2 8.0
Glen Davis, NSW, Australia 86.1 11.0 0.9
Autui, France 82.2 9.9 4.1
Typical range 75-85 8-11 3-9
TAiMANITIDS:
Mersey River* Tannarla, 82.3 11.0 2.0
Australia 75.9 9.4 8.8
Typical range 75-85 8-11 3-9
aOEXAPSODRPHA:
Kukersite, Estonian SSR 72.6 8.9 16.3
73.5 8.3 15.6
Typical range 72-74 8-9 15-17
0.8 1.2 1.45 0.07
1.0 1.5 1.5 0.07
1.0 1.0 1.55 0.01 Saxty (1980)
1.3 2.5 1.45 0.04 Ti ssot 4 Welte (1978)
1-2 1-3 1.4-1.6 0.03-0.06
0.7 4.0 1.6 0.02 Saxby (1980)
2.1 3.8 1.5 0.09 Ti ssot 4 Welte (1978)
1-2 3-5 1.5-1.6 0.05-0.10
0.3 2.4 1.5 0.16
0.4 2.2 1.35 0.16 Ti ssot & Welte (1978)
0.3-0.4 2-3 1.3-1.5 0.12-0.18
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III - BOTANICAL AFFINITIES AND GENESIS
Telalginite originates from lipid-rich algae; genera 
identified to date are derived from planktonic Chiorophyceae.
These progenitor algal types have been described (inter alia) under 
the following names:
Ordovician - G1oeocapsomorpha pri sca ZALESSKY 
Lower Carboniferous — Pi 1 a karpi nski i RENAULT
Cladi scothal1 us keppeni BERTRAND
Carboni ferous/
Permian — P i1 a bi braetensi s BERTRAND and
RENAULT
- Rei nschi a austral is BERTRAND and
RENAULT
. Permian - Tasmani tes NEWTON
Jurassic —  Pi 1 a 1iassica , other Botryococcus-related 
forms Cretaceous to Recent — Botryococcus-related forms.
A complete list of synonyms of the forms that are related to 
Botryococcus brauni i KUTZING has been published by HARRIS ( 1938).
Tasmani ti ds differ in structure from the other listed forms in 
that they are not colonial. They are similar to the recent alga 
Pachysphaera pelagica OSTENFELD. Tasmanitids other than T. 
punctatus NEWTON occur in rocks ranging from Ordovician to Recent.
G1oeocapsomorpha algae are colonial. The colonies, and 
individual cells are spherical to oval-shaped. Sizes of colonies 
range from about 0.025mm to 0.15mm in diameter. Each cell 
secretes a sheath. When cells divide, each new cell secretes its 
own sheath within the old one thus forming characteristic rings or 
layers of gelatinous sheaths.
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Botryococcus-type algae are preserved in colonies formed from 
numerous unicellular algae arranged in groups and held together by 
shared gelatinous tissue. Colonies are typically radially arranged 
and appear lensoidal, spherical or fan shaped depending on size, 
orientation of section and species. Average sizes of colonies 
range from about 0.002mm to 0.40mm in diameter. Small, cup-shaped 
cells have openings directed to the outside of the colony. Some 
species have tubular, forked cells up to 0.1mm in length.
Tasmanlti ds are solitary marine algae and appear as flat­
tened, sutured discs which represent fossil algal cysts. They 
originate from planktonic marine algae probably with chlorophyte 
affinities. The thick, (up to 0.02mm) punctate wall is character­
ised by presence of numerous, fine, radial canals which may pass 
partially or completely through the wall. The cysts, originally 
spheroidal become disc-shaped upon compression. Size of tasmani- 
tids range from about 0.05mm to 0.60mm in diameter and the walls 
range from 0.005 to 0.02mm in thickness. The wall comprises two or 
three layers although the outer wall is rarely preserved. The 
middle layer forms the bulk of the wall and is the most commonly 
preserved portion. The inner and outer walls are thin and 
fibrous. Species of tasmanitids can be recognised by the 
configuration of radial canals in the middle wall.
IV - CHANGES DURING MATURATION
See optical properties.
V - OCCURRENCE
Gloeocapsomorpha algae were possibly restricted to the 
Ordovician and are the main precursor of telalginlte in kukersite 
oil shales. The 'type' location of kukersite is in Estonian SSR.
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Botryococcus-related telalginite occurs worldwide throughout 
the geologic record in coals and in terrestrially dominated Carbon­
iferous to Recent sedimentary rocks. It is also found in many 
lacustrine sedimentary rocks. Botryococcus-related telalginite is 
present in concentrations of up to 95% in some torbanite oil 
shales. The 'type' location of torbanite is Torbane Hill,
Scotland.
Ta smani tes and related forms have a known stratigraphic range 
from Cambrian to Recent and occur in high concentrations in 
tasmanite deposits of Tasmania (Permian), Alaska (Jurassic) and 
Kentucky (Devonian). Concentrations apparently occur in littoral 
environments, but tasmanitids also occur in lesser concentrations 
in some widely distributed shelf sediments. Tasmanitid telalginite 
is present in amounts of up to 70% (in thin laminae) but generally 
constitutes less than 30% of most tasmanite occurrences.
VI - PRACTICAL IMPORTANCE
Mainly because of the H/C ratios, telalginite has a high 
hydrocarbon generating potential. Limited amounts of Rock-Eval 
data have shown that Botryococcus-related telalginite can yield 
from 800-1000 milligrams of hydrocarbon per gram of organic carbon, 
tasmanitid telalginite —  up to lOOOmg HC/g 0C, and G1oeocapso- 
morpha telalginite —  up to 950mg HC/g 0C. Where oil shales rich 
in telalginite are retorted high yields are expected (up to 800­
900 litres/tonne for some torbanites). Coals rich in telalginite 
are well-suited for coal liquefaction.
The presence of Tasmani tes or G1oeocapsomorpha Is indicative 
of a marine paleoenvlronment. The presence of Botryococcus is 
commonly indicative of a lacustrine environment, but Botryococcus 
can be found in marine environments.
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LAMALGINITE 
I - ORIGIN 01 TERM
The term alginite B was introduced by Hutton £t £j_. (1980) to 
distinguish thin lamellae of weakly fluorescing alginite from 
larger, more strongly fluorescing, and commonly more structurally 
distinct alginite A. Cook, Hutton and Sherwood (1982) subsequently 
proposed the term lamalginite to avoid the use of the A/B termin- 
o1ogy.
Etymology: Lam —  from lamellar, alginite (Drath, 1939).
Synonyms and analogous terms: Col 1o-alginite (Ginzburg and 
Letushova, 1976); microlamellae (Alpern and Cheymol, 1978); 
Leiospheres and microfi1amentous alginite (Robert, 1981); alginite 
groups I, II, III, IV (Creaney, 1980); sapropelinite I, II,
? a 1 godetri ni te ( Mukhopadhy ay e_t a K  , 1985).
I I - DESCRIPTION
a) Morphology
Lamalginite occurs as lamellae typically less than 
0.005mm in thickness and less than 0.08mm in lateral 
extent. Felted masses of lamellae may exceed 0.02mm in 
thickness and extend laterally for 1 to 2mm. Where 
abundant, the lamellae tend to have an anastomosing 
appearance. In many cases, apparently continuous layers 
comprise numerous smaller discontinuous lamellae. In 
sections perpendicular to bedding, little structure is 
evident, compared with telalginite, but processes are 
present in some occurrences.
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In some cases, in sections parallel to bedding, the 
lamellae evidently comprise small rounded bodies, with 
or without processes, which have been flattened. 
Sufficient botanical detail is preserved in some examples 
to permit at least generic identification.
b) Optical properties
Colour: Transmitted light —  translucent, typically
indistinguishable from clay minerals.
Reflected light (bright field, white, oil i mmersi on) 
—  typically cannot be resolved. Reflectance less than 
0.1%. No internal reflections, autofluorescence not 
visible in white light.
Incident fluorescence-mode (UV/violet/blue light 
excitation) —  greenish yellow to orange at low rank, 
yellow to orange in the vitrinite reflectance range of 
0.6% to 0.9% and dull orange at higher ranks. At low 
ranks I normally ranges from 0.5 to 3 (where 1=1 for a 
masked uranyl glass standard). Lamalginite commonly 
shows slow positive alteration (up to 50% over 20 min­
utes) .
Hardness: Moderate polishing hardness, but positive
polishing relief is much less marked than for telalgin- 
i te.
Distinction from other macerals: As compared with 
telalginite, lamalginite phyterals are smaller, generally 
have a greater ratio of length to thickness, and 
generally exhibit lower fluorescence intensity; 
botanical structure is seldom apparent in sections 
perpendicular to bedding. Alteration of lamalginite
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tends to be positive rather than the negative alteration 
typical of telalginite.
As compared with bituminite, reflectance is lower 
and fluorescence intensity is much greater for lamalgin- 
ite. Micrinite is not normally present in association 
with lamalginite.
Lamalginite can appear similar to sporinite or 
cutinite but it normally shows more intense fluorescence 
than these other macerals (this, however, is not 
ubiquitous). If botanical structure is present it can be 
used to distinguish lamalginite (algal origin) from 
sporinite or cutinite (higher plant origin).
Some alginite phyterals, having a higher fluores­
cence intensity and typically a larger size, occur 
associated with lamalginite. The fluorescence intensity 
of these phyterals typically falls within the telalginite 
range. These forms generally are more appropriately 
termed telalginite, but a small proportion of occurrences 
is transitional between telalginite and lamalginite in 
terms of size, fluorescence intensity and the ease of 
distinguishing botanical structure. For these, 
classification is arbitrary but should have regard to the 
characteristics of associated undoubted telalginite and 
1 amalgi ni te.
c) Chemical properties
In general, lamalginite has a moderately high H/C 
and a moderate 0/C ratio in comparison with other 
liptinite. Chemical structures are largely aliphatic and
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hydrocarbon generating potential is good although in most 
cases, lamalginite is less aliphatic and has a lower 
specific yield than telalginite. Very high H/C values of 
lamalginite, such as some reported from Green River 
Formation oil shales may represent material similar to 
telalginite in gross chemical composition or these values 
could be affected by bitumen impregnation.
The following table shows examples and typical 
ranges in elemental composition for lamalginite at low 
ranks (minor amounts of other macérais are present in 
some of these samples).
Lamalginite occurrence C H 0 N S H/C 0/C References
% by weight dimf atomic ratios
ftjndle, Qld, Ajstralia 71.4 9.2 14.5 2.0 1.6 1.55 0.15
75.5 9.7 11.0 2.0 1.8 1.55 0.17 Saxby (1980)
77.0 9.8 10.5 1.5 1.2 1.5 0.10 Lindner (1983)
Duaringa, Qld, /Australia 71.3 9.4 15.5 1.0 1.4 1.6 0.16 Lindner (1983)
Enfield, Qld, Aistralia 75.3 9.1 11.9 2.2 1.5 1.45 0.12 Lindier (1983)
Condor, Qld, Aistralla 77.5 9.1 8.3 2.3 2.5 1.4 0.08 Lindner (1983)
Green River Formation, USA* 76.5 10.0 10.3 0.6 2.6 1.6 0.10 Ti ssot & Welte (1978)
Typical range 65-80 6-10 7-20 1.0-3.5 1.0-5.5 1.3-1.65 0.04-0.18
* Note: Nbst occurrences of Green River oil shale include significant amounts of hunic raterial 
resembling vitrinite and same dispersed bitumens.
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III - BOTANICAL AFFINITIES AND GENESIS
Lamalginite consists of the tests of lipid-containing algae. 
The form most commonly identifiable in Tertiary lamalginite of 
1acustrine origin is the planktonic alga Pediastrum but a number of 
other genera also contribute to lamalginite (Hutton, 1982). In the 
case of Green River Formation, Cyanophyceae may contribute to 
lamalginite. Chemical evidence suggests a Cyanophyceae origin for 
some Precambrian occurrences as well. Dinof1agel1 ate and acritarch 
cysts have optical properties within the range for lamalginite and 
are the source of most lamalginite occurrences in marine rocks.
Most lamalginite is demonstrably derived from planktonic algae 
or is similar enough to identifiable planktonic material that a 
planktonic origin is likely. Some of the anastomosing occurrences 
of lamalginite could, however, be of benthonic origin.
The form of lamalginite can be influenced by nature of mineral 
matrices. Algal tests are, for example, less collapsed where 
preserved in limestone. Presence of authigenic minerals can result 
in the development of microsty1olites which give a more laterally 
continuous appearance to alginite lamellae.
IV - CHANGES DURING MATURATION
Fluorescence colours and intensities typically have large 
ranges at low rank, the ranges being related to differences in the 
chemistry of the contributing algae and to early diagenetic 
alteration. With increasing rank, fluorescence intensity 
decreases and a marked red shift occurs In fluorescence spectra.
The nature of these changes for some lamalginite is indicated in 
more detail by Hufnagel (1977).
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V - OCCURRENCE
Lamalginite occurs in rocks ranging from Middle Proterozoic to 
Recent. Marine sediments typically contain at least some 
dinofl agel 1 ate- and acritarch-derived lamalginite and this type of 
lamalginite is a major component of some facies. It is particu­
larly abundant in some Mesozoic units such as the Toarcian and 
Kimmeridgian shales of Europe, where it is commonly associated with 
bituminite. Lamalginite of lacustrine origin is most abundant in 
Tertiary sequences. It is found in a number of intermontane basins 
in North America, Australia, South East Asia and Europe. In 
association with Middle Proterozoic occurrences only bacterial 
biomarkers have been found.
VI - PRACTICAL IMPORTANCE
Lamalginite is the main source of retort yields of shale oils 
from the group of oil shales termed lamosites by Hutton et al.
( 1980) and Cook aj_- (1981). Extrapolation of yield versus 
lamalginite percentage plots, suggests that the specific oil yield 
on retorting of lamalginite in low rank Tertiary oil shales is 
about 420 litres per tonne. Rock-Eval data indicates that specific 
yields of lamalginite at low ranks typically range from about 500­
900 milligrams of hydrocarbon per gram of organic carbon. Although 
the specific yield is lower than that of telalginite, lamalginite 
can occur in thick, extensive units which represent a significant 
potential resource of shale oil. Lamalginite of lacustrine origin 
is a major component of some types of oil source rocks occurring on 
some passive rifted margins and in intermontane basins. Lamalgin­
ite of marine origin is also a major component of oil source rocks.
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Presence of Pedi astrum is an indication of a freshwater paleo- 
environment (although it can be transported into marine environ­
ments). Many dinof1agel1ates and acritarchs can be identified to 
generic level and can accordingly be indicative of marine or 
nonmarine environments depending upon the genus.
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